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For almost a centur> the influence of the theory of evolution lias 
been felt far beyond the limits of biology In fact, this influence has 
been g^o^vlng apace and in our day the idea of evolution has become 
an integral part of the intellectual equipment of Western Civilization 
In biology this idea is pivotal To a beginning student no less than 
to d teacher and to a specialist, the idea of evolution mikes sense 
of what would otherwise be wearisome descriptions of and facts to 
be memorized, only to be forgotten .as soon as the course is over In 
the light of evolution the same facts and descriptions of creatures 
which we have seldom or never seen bteome fascinating Learning 
them turns out to be an intellectual adventure 

Biological evolution is a part of the evolution of the cosmos The 
rise and the development of mmkind arc a part of the story of bio- 
logical evolution Man cannot reach a valid understanding of his 
own nature without a knowledge of bis own biological background 
It may, then be tliat the study of evolutionary biology is the most 
important practical endeavor open to the human mind Accordinglv, 
an effort is being made m this book to show to the student that biologv 
IS not only a craft which is interesting to technicians and devotees but 
also a part of the fabric of modem humanistic thought I am quite 
conscious that this goal is too ambitious and that it has not been 
fully attained 

I hope that this book may be useful not only as a guide in courses 
devoted to the study of biological evolution but also as collateral 
reading m courses of general biology general zoology, general botanv, 
and anthropology A sizable proportion of the space in this book is 
devoted to presentation of material which is usually given in ele- 
mentary courses of genetics Chapters 2 3, 4 , parts of 5 and 11, and 
smaller parts of other chapters deal with genetics This emphasis is 
unavoidable since modern evolutionism is incomprehensible except 
on the basis of familiarity with fundamentals of genetics Therefore 
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Preface ix 

Neloping more mdcpendentl> thnn they 'ire now The lnstor> of the 
cvolutionar) doctrine as a whole, from a modem standpoint, Ins never 
been written, and for the time being it seems more convenient to 
present the historical information piecemeal 
The 'Suggestions for Further Reading’ given at the end of most 
chapters are meant to assist the student who may wish to go bejond 
the limits of this book m exploring problems of evolutionary biology 
These "Suggestions’ are certainly not meant to serve as bibliographies 
m which a reference to an authority for every fact and name men 
tioned in the text may be located 

I am deeply indebted to several colleagues and friends who have 
read chapters of this book and suggested corrections and improve- 
ments The greatest thanks go to Professors Ernst Mavr, of Harvard 
University, Charles Dirch, of the Univcrsitv of Sydnev Australia, and 
A B da Cunha, of the Univcrsitv of Sao Paulo, Brazil, who have read 
the manuscript in its entirety Chapters 1, 2, and 3 were rend also by 
Drs Alfred Mirsky and Stanicv Gartler Chapters 4 and 5 bv Dr NI 
Demerec, Chapters 6 and 7 by Dr Phillip M Sheppard, Chapters 6, 7, 
8, and 10 by Professor H L Carson, Chapters 8, 10, and 12 bv’ Pro 
fessorJohnA Moore, Chapter 9 by Professor P C Mangclsdorf, Chap- 
ter 11 by Professor Aubrey Corbman, and Chapters 13 and 14 by Pro 
fessor L C Dunn, Mr Stephen Dunn, and Mr M D Coe Quite 
obviously, I remain solely responsible for all errors of commission and 
omission which doubtless wall be found in the book Mr Stephen R 
Peck has drawn many of tho excellent illustrations which adorn the 
text Sev eral colleagues have contributed other illustrations and photo- 
graphs, as acknowledged m the legends to these figures Finally, 
thanks are due Miss Adelaide Richardson, who prepared the ty pesenpt 

Th Dodziiansicy 

Sao Paulo Brazil 
October, 1955 



viii Preface 

although it has not been my intenbon to turn this book into a bnef 
textbook of genetics, a student who uses it will acquire in elementary 
knowledge of the subject The book will probably fit the require- 
ments of courses given in some institutions of higher learning, courses 
entitled Genetics and Evolution’ or Evolution and Genetics ’ 

An effort has been made to use, wherever possible, examples deal 
mg with man and to point out the bearing of the topics discussed 
on human problems The opinion once held fairly widely, that man 
IS most unfavorable as material for biological and especially for genetic 
studies, is becoming less and less prevalent Even though we cannot 
arrange many genetical experiments with man, there is an abundance 
of kinds of information bearing on the genetics and evolution of man 
which are not available for any other organism And after all is said 
and done, the species Homo sapiens happens to be more interesting 
to most students than any other species, no matter how unserviceable 
it may be for some experiments Being men, we understand many 
biological phenomena m man more easily and more clearly than we 
do the biology of much simpler’ organisms 
Although this book is meant to be comprehensible to a student with 
no more than an elementary previous knowledge of biology (at about 
high school level), some more advanced material and discussion of a 
number of unsettled and controversial problems have been included 
As a result, the book contains more material than can be adequately 
covered in an average one term course but this superabundance of 
material is deliberate The subdivision of the chapters into short 
sections with descriptive subheadings should make deletion of the 
unwanted material easy On the other hand, what can be more chal- 
lenging and mspirmg to a student of average and above average in 
telligence than to learn that science is not something all completed 
and finished, merely to be memorized from books but a growing body 
of knowledge, in the development of which this same student may 
have a hand if he so chaoses? Is finding this out not equally, or even 
more, valuable to a student than learning more facts”? 

In place of a conventional chapter on the history of evolutionary 
theories, the history of various ideas and concepts is discussed in this 
book m the same chapters which present the modern status of those 
ideas and concepts This arrangement of material does not m any 
sense mean an imderestimate of the importance of the history of sci- 
ence or of its interest to an intelligent student But modem evolu- 
tionary thought is a result of confluence and integration of the work 
of many biological disciplines which even in a recent past were de 



Contents 


1 Nature and Origin of Life 1 

2 Tlie Gene as the Basis of ExoUihon 23 

3 Chromosomes as Gene Carriers 44 

4 Heredity, EnMronment, and Mutation 72 

5 Elementarj E\olutionary Changes or Microe\olution 91 

6 Natural Selection and Adaptation 109 

7 Individuals Populations and Races 134 

8 Species 165 

9 Evolution under Domestication and Evolution by 

Pol>’ploidy 191 

10 Evolution of the Organic Form and Function 222 

11 Evolution of Sc\ 253 

12 Historical Record of Organic Evolution 284 

13 Human Ev'olution 319 

14 Chance, Guidance, and Freedom in Evolution 357 

Index gSi 




Nature and Origin 
of Life 

The purpose of science is luofold Science strives in the first phcc 
to understand rmn and the universe of which he is i part In the sec- 
ond place, science endeavors to provide man with the means to con 
trol his environment Tlic quest for understanding is a function of 
theoretical, fundamental, or pure science Knowledge and under- 
standing are sources of satisfaction even when the) do not )ield an) 
immednte material benefits Control of the environment is a func- 
tion of applied science or tccUnolog) 

Understanding things, however is the surest approach to controlling 
them and the distinction between pure and applied science is, there 
fore not alvvavs sharp This distinction often describes the attitudes 
of mind of investigators and students rather than tJie subject matter 
of then investigations and studies Some discovenes of greatest prac- 
tical utilitv have been made by scientists engaged in exploration of 
the laws of nature without regard for their possible utilization For in 
stance the germ theory of disease and much of the modern food tech 
nology are outgrowths of the studies of the great French biologist 
Pasteur (1822-1895) on the nature of life 
Cosmic Evolution Discoveries made m vanous branches of science 
during the nineteenth and tw cntieth centuries hav e conv erged to estab- 
lish an evolutionar) approach to the understanding of nature The 
universe has not always been as it is now Nature as we observe it 
today vs the outcome of a histoncal process of dev elopment, ev olulion 
The human race with Its social intellectual and artistic achievements 
the world of living creatures and inanimate nature all evolved gradu- 
ally and by stages from verv different antecedents 
The classical atomist view of nature, which dommated physical sci- 
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pose that much evolution took pHce before these organisms could 
have appeared, and, therefore, tint the origin of life took place long 
before then 

The extreme scarcity of the fossil record of the beginning stages of 
biological evolution is probably due to two causes First, the most 
primitive organisms now living are too small and too delicate to be 
preserved as fossils, and this was most likely true m the early stages 
of organic evolution Second, the geological strata older thin 500 
million >ears (and many of those younger than that) were altered b> 
heat and by great pressures m such ways that whatever fossils had 
been present in them were destroyed For all those reasons it is 
conjectured that life appeared on earth much earlier than 500 million 
years ago Unaltered pre Cambrian rocks are rare, and they contain 
a few doubtful fossils, which some avUboritics interpret as seaweeds 
and algae but others regard as possibly formed without participation 
of life Perhaps more hopeful arc very ancient deposits of carbon 
apparently of organic origin Holmes claimed in 1954 that one such 
deposit in Africa is between 26 and 27 billion years old If con 
firmed, this claim will mean that organic evolution became super- 
imposed on cosmic evolution very long ago (Table 1 1 ) 

The first land growing plants appeared, as shown by the fossil rec- 
ord, at least 400 million ycais ago Land animals were added later— 
some 300 million years ago The first known land inhabiting verte- 
brate animals are still more recent— 200 to 250 million years Mam 
mals, the class of animals to which man belongs, were evolved some 
125 million years ago and became diversified and widespread at most 
75 million years ago Mankind is a newcomer even among mammals 
The first traces of mans presence are less than one million years old, 
which IS less than one per cent of the time span during which mam- 
mals are known to have lived 

Human Evolution and Evolution of Culture With the appearance 
of man a third kind of evolution that of the human spirit, became 
superimposed on the background of the biological and cosmic evolu- 
tion Of course the entry of man on the evolutionary stage did not 
mean that biological evolution had come to an end, no more than the 
origin of life meant the termination of cosmic evolution The three 
kinds of evolution proceeded at the same time 

The Greek Anaximander (611-547 bc), the first evolutionist to 
leave a trace in the history of human thought, taught that life arose 
from mud warmed up by sun rays Plants came first, then animals, 
and finally man But, reasoned Anaximander, man could not have 
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ences up to the beginning of the current century, held that the basic 
physical and chemical properties of matter were always as they are 
today Matter consists of atoms of several scores of chemical elements, 
and the atoms combine with each other according to certain rules 
which the chemists describe All matenal objects m the universe con- 
sist of different combinations of atoms, but the atoms themselves were 
believed to be unchangeable and indivisible The very word “atom” 
means indivisible in Greek 

Classical atomism was right as far as it went, but it oversimplified 
the actual situation Physicists have shown that atoms consist of still 
smaller units— electrons, neutrons, protons Atoms of chemical ele- 
ments have been transformed in laboratory experiments into other 
elements Moreover, modem cosmology, the study of the universe, 
assumes that the atoms which exist today have had a historv One of 
the theories is that the atoms were formed from a primordial sub 
stance, called the ®nd the inference is that they were formed 

in a tremendous explosion, which occurred supposedly more than 5 
billion years ago This stupendous event is then, the first discernible 
date in the history of the universe and the beginning of cosmic evolu- 
tion After the formation of the atoms, cosmic evolution led to the 
concentrabon of the original cloud of atoms into galaxies This proc 
ess took a relatively short" time, some 30 million years The stars 
and planets were formed within the galaxies Our earth came into 
existence presumably as one of these planets, it is, therefore, only a 
little younger” than the universe itself 

The work of geologists has shown that the earth underwent many 
transformations during its long history Again and again mountain 
ranges rose above the plains, and were leveled back bj erosion, por- 
tions of land sank beneath the seas, and sea bottoms rose to become 
land, the climates of many parts of the world changed from warm 
to cold, and vice versa 

Biological Evolution Our earth is an insignificantly small particle 
of the universe, yet vve cannot be sure that life exists anywhere ex- 
cept on this small particle The evolution of life biological evolution, 
has, to our knowledge been enacted on earth alone How long ago 
life appeared on earth, however, is a problem fraught with uncertain- 
ties The most ancient indisputable and abundant fossil remains are 
estimated to be some 500 million years old These ancient (Cambrian 
see Chapter 12) fossils are remams of creatures which inhabited the 
seas Because the principal types, or phyla, of the now existing ma- 
rine organisms are represented among Cambrian fossils we can sup 
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ncquire the rudiments oF human culture The important thing, liow- 
e\er, is that the biological organization \\hicli enabled man to acquire 
and develop culture has conferred on him, for that reason, an im- 
mense biological advantage (Chapter 18) Man adapts himself to 
his emironment chiefly by using his technical shills, his knou ledge 
of things, his science, art, religion, in brief Ins culturt No\\ , as indi 
cated abo\€, the process of transmission of culture is \astly more 
efficient than biological heredity, which comes only from our parents 
and other direct ancestors, and can be transmitted only to our off 
spring By contrast, learning, art, belief, or wisdom can be trans 
mitted by precept, by speech or by writing, to any number of human 
beings, regardless of their being related by descent or not C\cr\ 
one of us has “inherited” the wisdom of people whom we nc\cr met 
in the flesh In many instances tliese people died centuries before 
we were bom (sec Chapter 18) 

The rise of man from the animal le\cl to tndy human estate was 
slow at first A few bone fragments of a creature which combined 
some human-likt and some ape-hke features were discovered in South 
Africa, together with charcoal remains Tins discovery led the dis 
coverer. Dart, to surmise tliat the creature was a user of fire, and to 
name it Aiistrcilojntliccus promcf/irtis (pilhecus, ape, Prometheus, the 
discoverer of fire) The dating of this fossil is, most unfortunately, 
quite uncertain, the creature may have lived half a million to more 
than a million years ago Dart s interpretation of his find is regarded 
as doubtful 

There is, however, no doubt that at least 20,000 years ago there 
appeared in Europe a race of people who, judging by their bones, 
might have looked pretty much like ourselves The drawings of ani- 
mals which they made on the walls of the caves which they inhabited 
on the territory of the present France show that they possessed an 
exquisite artistic feeling (Figure II) 

The first light of recorded history dawned m the valky of the Nile, 
in Egypt some sixty two centuries ago Within a few centuries a 
cultural awakening took place in several countries— in Egvqit, in 
Mesopotamia (Iraq), m India, and somewhat later in China Despite 
the numerous, and often grievous, setbacks, the development of human 
cultures has proceeded since then with, seemingly accelerating tempo 
I To a philosopher the cosmic, biological, and cultural evolutions are 
j integral parts of the grand drama of Creation A scientist, though he 
recognizes the unity of the evolutionary process, must perforce con- 
fine hxs studies within narrower bounds because the methods of in- 
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1 \BLE 1 1 

SoAiE Approximate Dates of Cosjiic Biological and Hujian Evolutiov 


Years Ago 

(Approximate) Events 


100 

100-200 

300-400 

1055 

3000 

3500 

5400 

5400 

6200 

15-25 tliousaiid 
20-50 thousand 
20-75 thousand 
500-800 thousand 
75 million 
125 million 
500 mitlion 
2 5 billion 
5 billion 


Fubhcation of Danvm s Origin of Speaes 
Industrial Bevolution 
Life of Galileo and birth of modern science 
Brrth of Clinst 

Beginning of Greek civilization 
Beginning of Chinese civilization 
Beginning of civilization m Alcsopotamia 
Beginning of hirst Dynasty in Egvpt 
Introduction of Calendar in Egvpt 
Alan in /tmenca 
Cro-Magnon man in Europe 
Old Stone Age in Europe 
First man made tools 
Beginning of the Age of Mammals 
1 he first mammals appear 
Beginning of the fossil record 
Appearance of life on earth 
Appearance of atoms of the chemical ele- 
ments followed bj the formation of the 
galaxies stars and planets 


arisen directly from mud, since as a child he is unable to feed or to 
take care of himself Hence he must have arisen from another am 
mal This, then, is the Erst statement of the view that m'ln is biologt 
calhj unique (see Chapter 13) At present we are confident that man 
IS a product of biological evolution his evolution was brought about 
by the same fundamental causes as the evolution of all other organ- 
isms But in man the biological evolution has transcended itself 
Man IS able to use language symbols, to arrive at decisions by a 
process of abstraction and reasoning and to distinguish between good 
and evil Children inherit their biological heredity from their par- 
ents through the sex cells, but they inherit their culture by learning 
from other human beings not necessanl> related to them by descent 
Biological heredity is set at fertilization, and it remains more or 
less constant thereafter (Cliapter 6) Cultural heredity is acquired 
throughout life, but prmcipally durmg childhood and youth (Chap 
ters 13 and 14) 

To develop culture, the human species had to evolve a human bio 
logical organization No animal not even the anthropoid apes, can 



Charactcnittcs of Ltvwg Matter 7 

A chemical composition inchicling proteins and nncJcic acids 
A definite orgnmsotion 

Maintenance and growth through a^swulation 
Rcpro^h^rtJOn and hcrediltj 
Irntahihty and adoptalion 

The living bodies consist ver> largcl> of ov>gen, carbon, h>drogcn, 
and nitrogen, that is, chemical elements which are quite common also 
m the inorganic nature To those are added a number of otiicr com 
mon elements, as shown in the following table, which indicates the 
percentages of the various ehments m the human \iodv 


Tleincnl 

Per (-till 

1 lenient 

Per Cent 

Oxv gen 

CJ 

l’ola''Svum 

0 J5 

Carbon 

18 

Sulplnir 

0 25 

IIv (Irogcn 

10 

So<hnm 

0 1> 

Nitrogen 

3 

Chlorine 

0 1> 

Calcuuii 

> 

Magnc'ium 

0 05 

I’ho''phoni'' 

1 

Ml olliifN 

0 05 


Some organisms contain rather higher proportions of chemical ele- 
ments which arc present only as tracts in the human frame Thus 
the blood of many molUishs has a greenish color owing to the pres- 
ence of copper, and the ascidians (a group of marine animals) con 
tain some vanadium But there is certainly no chemical clement that 
would be confined to living protoplasm Carbon comes nearest to 
deserving to be called the stuff of life because it is capable of form 
ing innumerable complex compounds with other elements which occur 
m living matter These organic compounds are far more char- 
acteristic of hfe than the elements which enter into the composition 
of living bodies Proteins and nucleic acids are the two classes of such I 
compounds which are important, because they are universally present 
in all life But we cannot be entirely sure that some very different 
classes of chemical compounds could not produce hfe 
Proteins are large and often huge, molecules, with molecular weights 
usuall> in tens or m hundreds of thousands, and often in millions 
The proteins consist, in turn of cliemicallv linked building blocks 
known as ammo acids About twenty different amino acids art com- 
monly found, all of them characterized b> the presence of ammo 
groups NHo and a carboxvl group, COOH, in their molecular makeup 
Their molecular vveights are m hundreds An important property of 
amino acids is their ability to combine m a great variety of complex 
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vestigation used by physicists, chemists, astronomers, geologists, 1 
gists, ‘inthropoJogists, socidiogists, artists, theoJogjans are s 
verse that no one person is able, it present, to use them all with 
competence In this book our attention is focused on biological c 



Figure 1 1 Drawings of amroaU on >%atls of Lascaux caves in France mac 
man of the Old Ston** Age 


tion The relevance of the biological findings to human problem: 
well as the importance of the environment m the midst of which 
evolution of life is enacted, will, however, be pointed out when 
possible 

Characteristics of Living Matter As yet nobody has offere 
satisfactory formal defimhon of life, and we shall not attempt to 
OT1P For r\p«T«l«» the laeV of a definition there is usuallv 
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missing parts in lower organisms Most crystals, lioweacr, consist of 
1 Single chemical compound, a\hcreis organisms contain enormous 
numbers of substances arranged into strictly defined patterns 
Lning xndiMduals \er> seldom occur singly Represcntati\cs of a 
species usually live in communities, members of which are related by 
mating and parentage bonds Sometimes members of communities 
form colonies, and become so completely interdependent tint it is no 



Figure 12 One individual or severaP Tlic microscopic alga Ptndonna several 
tells of which live together in a common gelatinous envelope The drawing on 
the right shows each cell divided to form new groups whicli are about to become 
independent 


longer easy to delimit the constituent individuals Thus some of the 
lower plants, algie live in colonies composed of several or many cells 
(Figure 1 2) The whole colonies as well as the constituent cells may 
be referred to as individuals ” Cells are the fundamental building 
blocks of the bodies of all higher organisms, including man but we 
have no doubt that it is the whole man rather than each of his cells, 
that IS the individual since the cells of the body are incapable of inde- 
pendent existence (except m artificial tissue cultures) In some or- 
ganisms, however, such as corals or the Portuguese man o war, multi 
cellular individuals become again associated into colonies and lose 
their independence to such an extent that it becomes reasonable to 
regard the colonies as individual muts (Figure 13) It is obvious 
that individuality is not an all or-none affair but a matter of degree 
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patterns such as are found in proteins The specificity and constancy 
of the organization of li\ing beings (see below) is presumed to rest 
on the specificity of the proteins Enzymes, chemical substances which 
mediate many important chemical reactions taking place in living 
bodies, are among the proteins The action of enzymes is as a rule 
highly specific since each enzyme mediates one and only one kind of 
reaction 

Nucleic acids are compounds of so called nucleotides A nucleotide, 
in turn, consists of a nitrogen containing punne base, a sugar, and a 
phosphoric acid Depending on the kind of sugar involved, two types 
of nucleic acids can be distmguished, called, respectively, ribonucleic 
acids (RNA, for short) and dtsoxynbonucleic acids (or DNA) The' 
DNA is invariably present in the chromosomes of the cell nucleus! 
whereas RNA is a characterisbc constituent of the cell cytoplasm! 
The nucleotidts are in In mg cells, associated with each other to form 
compounds of, often, very high molecular weight Furthermore, nu- 
cleic acids link up with proteins to form nticleoproteins It appears 
that nucleoproteins are present in all existing living bodies, do\vn to 
the simplest viruses 

Organization and Individuality There is no question but that com 
prehension of the chemical processes which occur m living orgamsms 
IS essential for an understanding of life, and that our knowledge of 
these processes is as yet insufficient But we should not think of an 
organism as though it were simply a mixture of chemical substances 
Life occurs always in discrete units, ro individuals, which possess a 
fairly constant and usually highly complex structure or organization 
From men, ehphants and whales to insects, polyps and lowly amoe- 
bae and from pine and oak trees to grasses, algae and down to the 
simplest organisms we can always discern the characteristic extern il 
[structures (morphology), internal gross and microscopic anatomy, and 
^ the physiological properties of individuals of every species of or- 
ganisms 

Inanimate obiects do not usually possess definable mdividualit> 
Mountain ranges rocks, rivers, or seas are not discrete individuals, 
since they do not have a cohesive structure that would be character- 
istic also of other individuals of a species To be sure, crystals seem 
to foreshadow on the inorganic level the discreteness and the constant 
organization of living indmdoals The shape of crystals is fixed by 
their chemical structure the atoms inside a crystal are arranged in a 
definite pattern Under proper conditions a crystal can grow and 
even restore missmg parts which makes us tliink of regeneration of 
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emnronment m which the orginism li\cs For green phnts this is 
water and certain mineral salts taken m from the soil, oxygen and 
carhon dioxide from the atmosphere, and the energx of a part of the 
sunlight spectrum All animals, and most of the chlorophx 11 less plants 
require for food some of the organic substances found in the bodies of 
1 other animals or plants All life is derix ed from the cnerg> of sunlight 
[bound b) the chlorophx 11 of green plants 



Figure 14 A luinnn egg and i sperm The sp«.rm is magnified more strongh 
thin the egg 


When 1 cryst'il grows m i siipersiluntcd solution, the growth oc 
curs b> addition of the substance from the solution to the surface of 
the crystal The growth of living bodies is i different story The 
food undergoes a. series of profound chenucal clvrnges before it is 
issimiHted that is, becomes a component part of the organism Thus 
animals break down the proteins ingested as food into amino atids 
and then build their own proteins from these constituents Now it is 
surely a most significant fact that the bodv reproduces itself from tin 
food which it consumes in the process of assimilation and growth 
the food IS transformed into a likeness of the assimilating body and of 
its ancestors Indeed the human bodv, whether an embryo or an 
adult transforms food not merely into human flesh but into an in- 
dividual who resembles his parents and relatives more or less closely 
The outcome of growth and development depends very largely on 
\ the nature, the heredity, of the body and only secondarily on the food 
^which it assimilates The same kind of diet can maintain life not only 
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Self reproduction A human bemg begms his existence when i 
spermatozoon fertilizes an egg cell (Figure 14) A fertilized human 
egg cell IS just large enough to be visible to a nalied eye Its weight 
IS estimated as about one hvenly millionth of an ounce (slightly more 



Figure 13 A sipiionophore 3 colonial maiuic animal consisting of seseral differ 
eat lands of Indisiduals specialized to peiftwm different functions TJie appear 
ance of the colony is shoivn on the left and a scheme of its structure on the right 
Tlie indisidu-il wluch functions to mahe the colony floit vertically In loafer is 
m.irked a b indiv'ldunls which act as swimming beUs c protective “leaves d 

gasteiozoids v-hkh ingest food e, tentacle g gonetphor or seiual mdindual 

thnn one milljonth of a gram) Starting from this insignificant bit of 
matter> the body grows until it nttams the adult size and ueight of 
sny, 150 to pounds This is, flien an approxunitely fifty bdUon 
fold increise 

^Vhat IS the source of matenal for this stupendous growth? Clearly, 
It IS the food consumed— first hy the mother in whose body the em 
biyo coming from the fertilized egg defv slops and then by the grow 
mg individual himself Now food is derived ultimately from tlie 
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Consider, for example, the complex physiological processes xxhich are 
set m motion b> xvounds, injuries, or bone fractures, and which result 
m healing and repair of these mjunes Invasion of the body b> dis 
ease producing bacteria, viruses, and other parasites calls forth re 
markable defense reactions which tend to localize, combat, and finallj 
extinguish the infections Owing to the scarcity of oxygen at high 
elevations in the mountains man experiences difficulties in living and 
working at high nllitudcs The human body reacts, how'ever, to the 
high altitude conditions by altering the composition of the blood and 
by other physiological changes which facilitate securing enough oxy- 
gen for respiration 

Homeostasis In all these and in countless other instances vve ob- 
serve a remarkable ‘wisdom of the body’ Environmental stimuli 
evoke processes which maintain or restore the welfare of the body in 
changed environments The organism normally stands to its environ 
went in a relation of achpttdntss AVlien the environment changes, 
this harmonious relation may be disturbed and must be restored by 
homeostatic reactions on the part of the organism Adaptedness to 
the environment can, of course, be observed not only in man but in 
all organisms animal and plant, primitive and complex Tlie ubiquity 
of homeostatic reactions in the living world has even led some biolo- 
gists to view adaptation as some kind of mystical principle Many 
vitalists (see page 19) regarded the ability of the organism to respond 
adaptively to external stimuli as an elemental property of life The 
great Lamarck, one of the pioneers of evolutionism, built his theory 
on the assumption that organs arc always strengthened by intensive 
use and weakened by prolonged disuse (Chapter 4) It will be shown 
below (Chapters 5 and 6) that the origin of adaptations can be under- 
stood better on the basis of Darwins theory of natural selection, with 
out invoking any alleged mystical properties of living matter For 
the time being it is sufficient to point out that, although the wide- 
spread adaptedness of living beings to their environment justly ex- 
cites our admiration, in some instances adaptive reactions are con 
spicuously lacking 

The sun tanning reaction of the human skin protects the body from 
sunburns There is, however, no protecting reaction to shield the body 
from harmful X rays, radium rays, and similar radiations In general, 
pain is a warning signal produced by injuries or by invasions of the 
body by poisons and parasites Yet in the human species the biologi- 
cally ‘normal and essential function of childbirth is accompanied by 
intense pain Most harmful substances are repellent, but some, such 
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of different men but also of other species of animals, for example, of 
dogs and cats kept as domestic pets It is the heredity which causes 
the processes of assimilation to result in self-reproduction 

The production of a likeness of the assimilating body and of its 
ancestors is most strikingly apparent when the organism grows or 
gives rise to a progeny An oak tree bnngs forth acorns, each able to 
grow mto an oak An oyster gives some hundred million eggs in a 
single spawning, each potenbally a new oyster Owing to heredity, 
to self reproduction, every form of life tends to transform the ma 
terials m the environment capable of serving as food into copies of 
itself Self reproduction continues in adult bodies which no longer 
grow in size or in weight, it continues as long as life itself Every 
organism not only assimilates foods but also breaks down the assimi 
lated products and reconstructs them again This continuous buildup 
ind breakdown of living matter is the tneiaboltsm 

Studies on metabolism have disclosed that most of the components 
of the animal body are frequentJ> renewed, as can be shovvn very 
clearly with the aid of tracers, such as isotopes of the elements which 
compose the living bodies For example, an ammal can be fed a diet 
m which certain of the atoms of the usual carbon (Cja) have been 
replaced by those of a radioactive carbon isotope, Ch The radio 
active carbon presently appears as a component of various tissues of 
the body, in which it can be localized with the aid of both physical 
and chemical methods The Cu thus enters the living protoplasm 
but after a lapse of a certain time (variable for different tissues and 
substances), the structures containing Cu are broken down, and the 
isotope appears in the waste products of the organism Similar experi 
ments have been done with other isotopes— “heavy water, radioactive 
sulphur, phosphorus, iodine etc The phenomenon of self reproduc- 
tion in living bodies is universal 

Adaptation Every organism responds m definite ways to outside 
stimuli, the ability of making such responses is referred to as the prop- 
erty of irntahility Even the simplest unicellular animals and plants, 
such as amoebae and flagellate algae, move towards food and away 
from too intense heat or cold, and towards moderate light and away 
from darkness or too intense light Seeds of the higher and spores of 
the lower plants respond by sprouting or germination to some condi 
tions and by remaining dormant to others 

A striking and fascinating fact is that many, although not all, re- 
sponses of living beings to outside influences are atlaptive, that is, pro 
mote health survival, and reproduction of the reacting organisms 
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diseases in their hosts, among them such scourges as smallpox, polio- 
m)elitis, >ellov. lexer, measles influenza, and common cold Plant 
Mruses are responsible for serious losses to agricultural crops Bac 
tenophages reproduce in living bacterial cells and cause dissolution 
(lysis) of the cells (rigurcol) 

Some of the viruses, despite their smallness, have proved to be quite 
complex organisms This is true, for example, of bacteriophages It 



Figiue 15 Viruses as seen m electron microscopes Tobacco mosaic virus (left) 
and bushy stunt virus (right) Very greatly mignified 


IS a plausible hypothesis that many viruses are actually degenerate de 
scendants of larger organisms such as bacteria But, especially among 
viruses which cause plant diseases, there are some forms interesting 
because of their apparent simplicity The crystalline tobacco mosaic 
virus was shown by Stanley to be chemically a nucleoprotem (nbose 
nucleoprotem ) Its molecular weight is estimated to be as high as 
50 million 

Is tobacco mosaic virus and are other viruses living beings? A1 
though a majority of biologists are now of the opinion that this ques 
tion must definitely be answered in the positive, it is interesting that 
there existed and still exist some dissenting opinions The very pos- 
sibility of such a disagreement suggests that some viruses, such as 
the tobacco mosaic virus, may be not far removed from the boundary 
of the living and the non-living 

A conclusive evidence of the living nature of the tobacco virus. 
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as narcotics, produce pleasant sensations instead of pain Man 
rely on food for his supply of numerous vitamins essential for h£ 
but many other animals, even some mammals, can manufacture ; 
of these vitamins for themselves 
There are some basic facts which point towards a solution ol 
problem of adaptation In general, every living species reacts a 
tively to the external stimuli which occur frequently in the env 
ments in which this species has evolved Thus the human species 
for countless generations to deal with the danger of sunburn, b 
did not encounter X^ray bums until very recently The painfu! 
of childbirth is probably a disharmony resulting from the comi 
tively recent acquisition by our species of the erect posture and 1 
the correlated clianges m the pelvis bones When the normal 
supply of a species contains an abundance of a certain vitamin, t 
is no obvious advantage for this species to manufacture the vitai 
in Its own body Homeostatic reactions are not to be tahen for gra 
as gifts of nature, they must be understood and explained The r 
ern theory of evolution seems to provide a reasonable explanatior 
Viruses— the Simplest Organisms Invention of the microscope 
suited during the eighteenth and nineteenth centimes in the disco 
of a hitherto unknown world of tiny creatures Some of them, 
ticularly bacteria, appeared at first to be mere droplets of a vis< 
substance Yet, despite their small size, bacteria possess an immen 
complex organization, at any rate immeasurably more complex 1 
anythmg in inorganic nature Then, m 1892, Ivanovsky discovi 
still smaller organisms which are too small to be seen in ordinary 1 
microscopes They were later named filterable viruses, since they 
small enough to pass through filters of unglazed porcelain and o 
matenals Mhich retain ordinary bacteria In recent years many 
ruses have been made visible by means of electron microscopes 
1935 Stanley isolated from tobacco plants mfected with the so ca 
mosaic disease a protein which can form crystal like structures (Fig 
15) A minute amount of this protein injected into healthy pli 
causes them later to develop the mosaic disease Most importan 
all, an amount of the virus protein about one million times gre 
than the amount injected can be obtained from the diseased pk 
several days after the injection 

Viruses known at present are a diversified collection of forms Tl 
common property , apart from their small size, is that all of them 
parasites which develop only in living cells of animal or plant ho 
In other words, no free-living vuuses are known Some viruses ca 




Figure 1 6 Louis Panteur (1822-1893) 


teur (Figure 1 6) who gave the definitive evidence that life arises only 
from pre existing life He, among others, did the experiment of boil- 
ing meat )uice and other liquids suitable for the development of bac- 
teria in a special flask which admitted the outside air through a curved 
tube The dust with the bacterial spores settled in the curved tube, 
and the liquid m the flask remained free of bacteria This work not 
only established a fund iment il biological principle but led to numer- 
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from its nucleoproteinaceous structure, is that the virus repro 
'duces itself at the expense of matenals in the tobacco leaves To be 
sure, the objection has been raised that the virus may somehow be 
synthesized by the cells of the tobacco plant or may be preformed m 
these cells Indeed, the virus multiplies only m living not m dead, 
cells of tobacco leaves The objection is not valid, many a parasite, 
the livmg nature of which cannot be doubted, cannot be cultivated 
outside the body of a host Tobacco cells assuredly contain sub 
stances which are susceptible of being converted into the virus sub- 
stance, otherwise the virus could not infect the tobacco plants But 
the conversion does not take place unless a particle of the virus is first 
introduced into the plant Similarly, human intestine contains sub 
stances from ^\hlch intestinal parasites can be built, and grocery store 
shelves contam materials which can be converted into human bodies 
Yet in all these cases the conversion occurs only in the self reproducing 
living, bodies of a given species 

Tlie Continuity of Life The idea that life is, in the last analysis, 
but self-reproduction of living matter is quite foreign to a mind un- 
tutored in biological science Unhl a few centuries ago nobody 
I doubted ahiogenesis or spontaneous generation, that is, origin of hving 
l creatures from nonliving matter Aristotle (384-322 bc) thought 
that worms and snails were products of pulrefacbon and that plants 
could arise also without seed This hypothesis was accepted by such 
pioneers of science as Bacon (1561-1626) and William Harvey (1579- 
1657) Paracelsus (1493-1541) re\ealed the recipe, which, he said, 
had until then been kept in greatest secrecy, for producing a *Tiomun 
cuius ’ or an artificial man He might be produced, allegedly, through 
putrefaction of the human semen in a cucurbit placed for 40 weeks 
inside the belly of a horse The x>ower of heredity was taken equally 
lightly Plutarch (ad 46-125) records that human bemgs were bom 
of mares, asses, and goats The notion that wheat and barley trans- 
form mto ^vlld oats and other weeds was discussed in ancient Rome 
by Virgil and Pliny, and was believed by some until about the seven 
teenth century It has quite recently been resurrected by Lysenko 
and his followers in Russia 

The continuity of life and heredity was revealed only gradually 
Redi (1626-1698) showed that By maggots did not arise from putrid 
meat He placed decaying meat in a jar covered with fine gauze, so 
that the flies were unable to reach the meat No maggots appeared 
Spallanzani (1729-1799) found that meat or meat jmee did not pu 
trefy unless spores of putrefaction bacteria were introduced with dust 
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Under such conditions simple 'ildehjdcs, such 'is formaldehyde 
(CHjO), svould be formed, and tlicse might be slowly condensed into 
sug'xrs Organic acids also could be formed and, reacting with am 
monia, could give other compounds, including simple ammo acids 
such as glvcine (CHoNH.COOH) Proteins would arise bv linking 
together several ammo acids 

A possible reason whv these chemical compounds do not now evist 
in non living media is that thev would be used up as food bv hvang 
organisms soon after being produced W^iilc life was absent, orgmic 
compounds could accumulate m the water of lakes and seas Even so, 
spontaneous formation of complex proteins and nucleoproteins is a 
most improbable event at least in terms of short time intervals Given 
eons of time, a highlv improbable event ma\ however, lake place 
somewhere in the universe Such a luck> hit happened to occur on 
a small planet earth a niere speck m the vast cosmic spaces As soon 
as a particle appeared that was able to reproduce itself, that is, to 
engender s>Tith(sis of its copies from materials present m its environ 
ment the evolution of life was launched The primordial living par 
tide mav for example be visuali7ed as a kind of simpU varus Of 
course this virus must have been able to multiply m the inorganic 
environment or in environments containing only the organic com- 
pounds accumulated through processes of the kind outlined above 
There are several reasons wh> the self-reproduction of particles is 
stressed as the essential step with which life commenced Self repro- 
duction of necessit> implies growth through assimilation, mamtenuicc 
of definite orgmuation and trinsmission of heredity It will be 
shown in the following chapters that self-rt production ind heredit> 
may lead through action of natural selection to adaptation to the 
environment and to progressive evolution Formation of the first self- 
reproducing pirticlt whitever might have been its precise chemical 
makeup was it least potentmll>, the dawn of organic evolutionJ 
A^lthough at present self-reproduction is not knowai to occur excep^i 
in nucleoproteins self ri producing units of other composition might 
ha\e occurred on earth or in other parts of the cosmos ^ 

Vitalism and Mechanism Our understanding* of the fundamental 
life phenomena is admittedly sketchy, and the hypotheses about the 
origin of life are only conjectures set up to promote further thinking 
and experimentation Science m general and biological science in 
pirticular have only begun to explore the design and the working of 
nature Most biologists believe that the best working hypothesis is 
tint life phenomena involve mertl> complex patterns of interaction 
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ous practical applications—pasteunzation and sterilization so impor 
tant in canning and dairy industry as well as in medicine 

Hypotheses Regarding Origin of Life on Earth If life comes only 
from life, then every living creature which evists now is a direct de 
scendant of the first bit of living protoplasm which appeared on earth 
(unless life arose from inanimate nature repeatedly) The origin of 
the first life of necessity is a highly speculative issue Indeed, our 
inability to observe spontaneous generation in nature or to bring it 
; about artificially in laboratory experiments shows that life must have 
[arisen under some conditions which no longer obtain at present and 
'about which we can make only the vaguest guesses 

Attempts have even been made to avoid the issue by supposing that 
life was introduced on our planet from other heav enly bodies Sports 
or other germs of hfe may have arrived on earth m i meteor or with 
cosmic dust But we are not certain that life exists or ever existed 
outside the earth, and, if it did, could stand the transport through the 
interplanetary space In any case, we must face the problem of the 
origin of hfe m the universe 

All life that now exists, including the simplest viruses, has as its 
physical abode higblv complex organic compounds, nuclcoprotPins 
Not only nucleoprotems but even their constituent amino acids and 
nucleic acids are synthesized exclusively in living organisms and never 
spontaneously from inorganic substances (some of the ammo acids 
can, however, be made synthetically in laboratories) Spontaneous 
formation of these energy rich compounds is highly improbable on 
the basis of physicochemical considerations Nevertheless several 
scientists, Oparin in Russia Dauvilhcr and Desgum in France, Bernal 
in England, Urey, Miller, and Blum m America, have tried to visualize 
conditions under which chemical substances now formed only fn living 
organisms could have ansen without mtcrvention of hfe 

In the early stages of the history of the earth the prevalent high 
temperatures permitted the existence of water only in the form of 
superheated steam The atmosphere contained no free oxygen but it 
may have contained some simple carbon compounds, such as methane 
(CHi), which are now found m the atmospheres of some stars Simi 
larly nitrogenous compounds such as ammonia (NH^), were probably 
formed With the cooling of the earth and the formation of liquid 
water some chemical reactions became possible which are not likely 
to occur now This is particularly so because high energv ultraviolet 
radiations were then presumably reacbuig Bie earth's surface They 
are now absorbed m the upper atmosphere by oxygen and ozone 
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processes, 'i biologist is still obliged to find mcclnnistic exphnalions 
of these processes Consider, for e\nmpk, the origin of life from inert 
matter Was it the ps\che which built the first niiclcoprotein molecule 
from simpler compounds^ If so, the ps\chc must be some enzyme 
or ‘■ome energy rich ndntion No matter how small is the push whicITI 
|you want the supernatural to dch\cr to a material process, the siiperj 
natural is incxorablv debased to the level of a physical energy 

Acceptance of meclnnism as a biological theory is not, however, 
inconsistent with esthetic and religious views of cvistence Man is a 
complex of chemical compounds but this fact alone is said to describe 
him adequately only to those who would use him for fertilizer Re 
gardless of what he is chemically man yearns for sympathy and under- 
standing A primeval forest a mountain meadow or a coral reef 
have beauty winch is appreciated the more we become familiar with 
the organisms which occur there Religion leads us to appreciate the) 
meaning and value of the world and of man 
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of physitil forces and of chcmtcal reactions This assumption is called 
mechanism Its aUernitive» xntalism, is that, in addition to the forces 
similar m kind to those operating in inanimate nature, life involves 
powers which are restricted to the living world 
It IS curious to think thit vitalism was accepted by most biologists 
m the seventeenth and eighteenth centuries, together with the belief 
in the frequent occurrence of spontaneous generation (see page 16) 
At that time hie was rcgirded as a m anife shtion of a spcciai vJfaJ force 
(vis vitahs) Such a possibility could not be dismissed outnght 
Physics knows several forms of energy meclnmcal energy, heat, light, 
electricity, and the energy of atomic nuclei There may exist also a 
vital energy, it is argued The development of biology in the nine 
teenth and twentieth centuries has failed, however, to reveal the oper- 
ations of such an energy, although some of the physical and chemical 
processes involved in many biological phenomena, such as animal and 
plant metabolism, muscle contraction, nerve conduction, and other 
phenomena, have become partly known This certainly does not 
mean that all biological processes are now understood in physical and 
chemical terms, but it is true that the realm of phenomena in which 
manifestations of the vital force may still be suspected has been shrink- 
ing steadily for at least two centuries Few or no biologists now con 
sider the assumption of vital force a profitable hypothesis, and this 
notwithstanding the downfall of the belief in spontaneous generation, 
which seemed to mcrease the gap between the living and the non- 
living 

Vitalism, however, continues to exist in a subtly changed form and 
as a minority opinion It is admitted that life is basically a complex 
of physical and chemical processes And yet Smnott believes that 
living cells possess a psyche, a dme akin to human volition, which 
presides upon the development of a fertilized egg into an embrj o and 
into an aSuit The so called Bnahst schoo) partwulady in France 
and in Germany, believes that the evolution of life has been governed 
by a perfectionist urge, or by striving to produce man (cf Chapter 14) 

It is hard to see what i> gained by such speculation Just what is 
|the meanmg of the assertion that the cell or the body is directed by a 
Ipsyche or by a perfectionist urge? If these factors somehow direct 
the flow of physical and chemical processes, they must themselves be 
forms of physical energy, even though peculiar and as yet unknown 
ones But this is a retxim to the old belief in a vital force, although 
under different names If, on the other hand the psyche or the super- 
natural guide IS outside and above the physicochemical matrix of lift 
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Every species of organism reproduces itself The process of heredity 
converts the food derived from the environment into more or less fiith 
ful copies of the assimilating organism and of its parents and more 
remote ancestors Tlie reproductive potentials of many organisms are 
immense With abundant food and at favorable temperature, the 
colon bacteria, Escherichia coh double in number about every twenty 
minutes 

Heredity is a conservative force If children \nd parents were com 
pletely identical, evolution could not occur Heredity, however, is 
opposed by a process of chinge, variability Self reproduction occa- 
sionally results in an imperfect copy of the parental living unit, and 
the altered copy, called a mutant, then reproduces the altered structure 
until new mutations intervene One of the major achievements of 
biology during the current century has been the demonstration that 
the units both of heredity and of mutation are bodies of molecular 
dimensions called genes 

In the last analysis evolution is a sequence of changes in the genes 
D irwin and other pioneers of evolutionary biology realized very clearly 
the basic importance of heredity for understanding evolution How 
ev er it is only during the current century, and particularly during the 
last twenty to thirty years, that a theory of evolution based on the 
findings of the study of heredity genetics, has become possible A 
brief outline of the fundamentals of genetics is, therefore, essential in 
a book deabng with evolution Such an outline is given in Chapters 
2, 3, 4 and also elsewhere in this book in connection with the various 
problems of general evolutionary biology discussed 
23 
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of a person was thought to be an alloy in which the heredities of each 
of its four grandparents were represented b> one quarter, of each of 
the eight great grandparents b> one eighth, etc (This was called 
Galtons law of ancestral heredity ) E\en so perspicacious a mind as 
Charles Da^^vm’s icceptcd these beliefs of his time People un- 
familiar with biology accept the notion of "blood heredity e\en now, 
indeed, tins notion is a part of the excryday language 
Mendels classical experiments consisted in crossing different \a- 
netics of garden peas and obserxmg the distribution of the character- 
istics of the parental \aricties among the hybrid offspring He pub- 
lished the results of his work in 1S63 m a single paper Although he 
stated \ery clearly the laws of heredity now regarded of great im- 
portance, his work failed to attract the attention of contemporaries 
In 1900 these laws were rcdiscoxcred independently by Correns in 
Germany, De Vries in Holland, and Tschermak in Austria Tlieir 
importance was recognized, and the development of a new science, 
fgenetics or^e studv of heredity, proceeded apace 

Mendel crossed varieties of peas differing in single contrasting trails 
or characters, such as a variety with purple and one with white 
flowers, with yellow and with green seeds, with round and with 
wrinkled seeds, tall and dwarf varieties, etc In the first generation of 
hybrids, called the Fj generation, the trait of one of the parents was 
usually dominant, whereas the alternative trail of the otlier parent was 
suppressed, or recessive Thus the cross purple X "lute flowers gave 
hybrids with purple flowers, yellow X green seeds gave dominance of 
yellow, round X wrinkled seeds resulted m rccessivity of wrinkled, 
and tall X dwarf variety gave hybrids m which the tallness (domi- 
nant) masked the dwarf size (recessive) 

The Fi hybrids were allowed to produce offspring The progenies 
of the Fj hybrids are the second generation {r>) hybrid progenies 
In these F™ progenies Mendel observed a fundamental fact the domi- 
nant and the recessive grandparental traits reappeared m about three- 
quarters and one quarter of the progeny respectively (a ratio 3 domi 
nant 1 recessive) Thus Mendel obtained Fo offspring among which 
approximately 75 per cent of the plants had purple and 25 per cent 
white flowers (Figure 2 2) 

Mendel’s Law of Segregation Segregation of the traits of the 
parental vaneties m the F 2 generation of hybrids shows that these 
traits are not inherited through miscible “bloods ” They are trans- 
mitted from parents to offspring by discrete bodies, which, many years 
after Mendels death, Johanssen has named genes In the hybrids the 



Figure 2 1 Gregor Mendel (IB22— 1884) 


fore Mendel (Figure 2 1) xt was believed that heredity is transmitted 
from parents to offspring b> blood The parental bloods were 
supposed to mix m the progen) so that the heredity of the child was a 
solution, or an alloy, of equal parts of parental heredities The heredity 
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genes neither mix nor contaminate each other Thus the gene for 
purple flowers docs not fuse with the altc^ntl^e (allcUc) gene for 
white flowers, e\en tliough the purple donuintes the dc\clopmcnt of 
the color m the flowers of the Pi h>brid plants The white flowers m 
the r_ generation arc just as white as in the original white \arict\ 
The\ do not become pink or rosc-colortcl, although the contrasting 
alleles for the purple and white colors arc earned for a whole genera- 
tion side by side in the bodies of the Pj livbnds When the hybrid, or 
heterozygous, plants form their sex cells the purple- and white produc- 
ing genes segregate The sex cells are “pure they carry eitlier a 
purple or a white allele This is the law of segregation, or Mendels 
first law 

It is convenient to symbolize the dominant and the recessive gtnc 
alleles by capital and by small letters respectively (Figure 22) Thus 
the purple flowering variety of peas can be written RR, and the whitc- 
flowering rr The se\ cells carry cither R or r The Pj hybrid plants 
are heterozygotes Rr In the process of formation of the sex cells bv 
Rr heterozvgotes the alleles segregate, and equal numbers of R-con- 
taming and r bearing se\ cells arc produced In the formation of the 
F 2 progenies these sex cells combine at random R female cells or r 
ovules are fertilized by R or f male cells in proportion to their abun 
dance 

It can now be predicted that among the Pj plants approximatelv 
one quarter will be homozygous for R, that is, will carry two similar 
alleles, RR (Figure 2 2) About half of the plants will be heterozygous 
Rr, and about one quarter will be homozygous, rr Because of the 
dominance of R and the recessivcncss of r, the homozygotes, RR, and 
the heterozygotes, Rr, will be similar m having purple flowers, whereas 
the homozygotes rr, will ha\e while flowers (Figure 22) Although 
the RR and the Rr plants are not distinguishable in their flower color 
Mendel saw a wav to test the validity of the prediction based on his 
theory He permitted the purple flowered P. plants to produce further 
progenies (P 3 ) About a third of these progenies had only purple 
flowers these were the progenies of RR plants In about two thirds 
of the progenies purple and white flowering plants appeared m ratios 
approaching 3 purple 1 white, these were the progenies of Rr plants 
Mendels Principle of Independent Assortment In some of the 
crosses made by Mendel the varieties of peas differed in two or more 
conspicuous traits For example, he crossed a variety with yellow and 
round seeds with one having green and wrinkled seeds (Figure 2 3) 
Mendel knew that the yellow color is dominant over green, and that 
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Figure 2 2 Mendel s law of segregahon Cross of a purple flowered and n 
wliite-flo«ered strain of peas showing dominance of the purple color and segrt 
gallon of purple and white in the second generation of hybrids (Fo) R stands 
for the gene for purple and r for the gene for white flower color Black rings 
symbolize purple-flowered and white nngs white flowered plants 
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genes neither mix nor contaminate each other Thus the gene for 
purple flowers does not fuse with the altcnntne (ollcltc) gene for 
white flowers, c\en though the purple dominates the dc\clopment of 
the color in the flowers of the Fi h\bnd plants The wliite flowers in 
the F, generation are just as white as in the origiml white \nrict) 
The> do not become pink or rose colored, although the contrasting 
alleles for the purple and white colors are earned for n whole genera- 
tion side by side in the bodies of the fi hjbrids When the Inbrid, or 
heterozygous, plants form their sex cells the purple and white-produc- 
ing genes segregate The sex cells arc “pure they carry either a 
purple or a white allele This is the law of segregation, or Mendel s 
first law 

It is con\enient to svmbolize the dominant and the recessive gene 
alleles bj capital and by small letters respeclivelv (Figure 2 2) Thus 
the purple flowering varietv of peas can be written RR, and the white 
flowering, rr The sex cells carry cither R or r The Fi hvbnd plants 
are heterozvgotes, Rr In the process of formation of tlic sex cells by 
Rr heterozygotes the alleles segregate, and equal numbers of R-con 
taming and r bearing sex cells arc produced In the formation of the 
F_ progenies these stx cells combine at random R female cells or r 
ovules are fertilized by R or r male cells in proportion to their abun- 
dance 

It can now be predicted that among the Fs plants approximately 
one quarter will be homozygous for R, that is, will carry two similar 
alleles, RR ( F igure 2 2 ) About half of the plants will be lieterozygous 
Rr, and about one quarter will be homozygous, rr Because of the 
dominance of R and the recessiveness of r, the homozygotes, RR, and 
the heterozygotes, Rr, will be similar in having purple flowers, whereas 
the homozygotes, rr will have white flowers (Figure 2 2) Although 
the RR and the Rr plants are not distinguishable in their flower color, 
Mendel saw a way to test the validity of the prediction based on his 
theory He permitted the purple flowered plants to produce furthei 
progenies (F?) About a third of these progenies had only purple 
flowers, these were the progenies of RR plants In about two-thirds 
of the progenies purple- and white flowering plants appeared in ratios 
approaching 3 purple 1 white these were the progenies of Rr plants 
Mendel’s Principk of Independent Assortment In some of the 
crosses made by Mendel the varieties of peas differed in two or more 
conspicuous traits For example, he crossed a variety with yellow and 
round seeds with one having green and wrinkled seeds (Figure 2 3) 
Mendel knew that the yellow color is dominant over green, and that 
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Figure 2 2 Mendel s law of segregaUon Cross of a purple flowered and ' 
white flowered strain of pcis, showing dominanue of tlie purple color and segre 
gntion of purple and white in the second generation of hybrids (F^) R stands 
for the gene for purple and r for the gene for white flower color" Black tings 
symbolize purple flowered and white rings wlnte flowered plants 
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the wrinUed seed surface is rccessi\e to round The Tj generation 
h>bnd seeds were, as expected xellow and round What, howexer 
will the Fa hsbnds be hhc? The traits of the seed color gne in T, a 
segregation m a ratio of 3 xellow (dominant) 1 green (rccessnc) 
seeds Tlie seed surface segregates in a similar ratio 3 round 1 
wrinMed f. h>bnd seeds Howexer, xxiH the xclloxx color be linked 
in segregation xxith the smooth surface, and tlic green color xxith the 
xxainUed surface** Or will the characteristics of color and surface stg 
regate independently? Nfende! showed that tlic latter possibiht> is 
realized The proportions of yellow and green colors among the 
smooth seeds are the same as among the wrinkled ones In other 
words, the Ts generation consists of about nine sixteenths { X ) 
of y elloxv smooth, three sixteenths { *'4 X Vt ) of x elloxx xv nnUed three 
sixteenths ( n X ’4) of green smooth and one sixteenth ( 14 X ) 
of green wiinVled seeds Tins then, is a stgrcgation m the ratio of 
9 double dominants 3 with one dominant and one recessix c 3 w ith 
the other dominant and tiic other rccossixc 1 double recessix e 
in terms of genes tliesc facts arc interpreted as shoxxm m Figure 2 3 
Let A stand for the dominant allele xxhicli produces the yclioxx color 
and a for its recessixc green alternalixt, B for the dominant smooth 
surface and b for the gene which gixes rise to a xxnnUcd seed surface 
The varieties crossed arc AABB and nahh, rcspectixcK The sex cells 
of these xarietics ate AB and oh, and the F, is a double betorozygote 
AaBb The essential point is th it the allele pairs A a and B b issort 
independently when the genes segregate during the formation of the 
sex cells in the hybrids The f i hybrid forms, the n, four kinds of sex 
cells in equal numbers with the gene combinations AB, Ah, oB, and 
ob Random union of these sex cells gixcs the sixteen combinations 
shown jji Figure 2 3 Bemcmbermg that the gem A is doininant over 
a, and B dominant oxer h, xxe can easilx deduce that the different com- 
binations of seed color and setd surface xvill appear in the ratio 
9 3 3 1 indicated above 

The principle of independent assortment, or recombination, is some 
times referred to as Mendels second law Although this law is not 
obeyed m some instancts (see page 54), the facts xvhich led to its 
formulation ate important They shoxv that the heredity transmitted 
through sex cells is a mosaic of corpuscles, gents which are to some 
extent independent of each other The different variants, alleles of 
tht same gene do not fuse but segregate in heterozx gotes, and differ- 
ent genes undergo segregation independently of one another 
Mcndelian Inheritance m Man Mendels laws ipply to all living 
bvmgs and tlnis represent perhaps the most fundamental biological 
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Figure 2 3 Mendel s Lw of independent assortment Strains of peas vvnth 
yellow and smooth seeds and with gretn and vinnUed seeds are crossed The 
letters A and a stand for the genes for the yellow and gricn colors and B and b 
for the smooth and wrinkled seed wrfaces respectively 
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the \vrmkled seed surface is recessi\e to round The Ti generation 
hybrid seeds were, ns expected, xelloxv nnd round What, however, 
will the Fo hybrids be like’ The trails of the seed color give in F. a 
segregation m a ratio of 3 yellow (domiinnt) 1 green (recessive) 
seeds The seed surface segregates m a similar ratio 3 round 1 
WTinkled Fs hvbrid seeds However, will the vcllow color be linked 
in segregation with the smooth surface, and the green color with the 
wrinkled surface^ Or will the characteristics of color and surface seg- 
regate independently’ Mendel showed that the latter possibility is 
realized The proportions of yellow and green colors among the 
smooth seeds are the same as among the wrinkled ones In other 
words the Fo generation consists of about nine sixteenths ( 14 X Va ) 
of y ellow smooth, three sixteenths (34 X Vi) of } cllow w rinklcd, three- 
sixteenths ( 34 X Vi ) of green smooth, and one sixteenth ( Vi X 14 ) 
of green wrinkled seeds This, then, is a segregation in the ratio of 
9 double dominants 3 with one dominant and one recessive 3 with 
the other dominant and the other recessive 1 double recessive 
In terms of genes these facts are interpreted as shown in Figure 2 3 
Let A stand for the dominant allele which produces the yellow color 
and a for its recessive green alternative, B for the dominant smooth 
surface and b for the gene which gives rise to a wrinkled seed surface 
The varieties crossed are AABB and aahb, respectively The sex cells 
of these varieties are AB and ab, and the Fj is a double heterozygole, 
AaBb The essential point is that the allele pairs A-a and B b assort 
independently when the genes segregate during the formation of the 
sex cells in the hybrids Tlie Fi hybrid forms, then, four kinds of sex 
cells in equal numbers witli the gene combinations AB, Ab, aB, and 
ab Random union of these sex cells gives the sixteen combinations 
shown m Figure 2 3 Remembering that the gene A is dominant ov'er 
a, and B dominant over b, we can easily deduce that the different com- 
binations of seed color and seed surface will appear in the ratio 
9 3 3 1 indicated above 

The principle of independent assortment or recombination, is some 
times referred to as Mendel s second law Although this law is not 
obeyed in some instances (see page 54), the facts which led to its 
formulation aie important They show that the heredity transmitted 
through sex cells is a mosaic of corpuscles genes which are to some 
extent independent of each other The different variants, alleles, of 
the same gene do not fuse but segregate in heterozygotes, and differ- 
ent genes undergo segregation independently of one another 
Mcndehan Inheritance in Man Mendels laws apply to all living 
beings ind thus represent perhaps the most fundamental biological 
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hvvs yet discovered Segregation and recombination of hereditary 
traits have been observed in most diverse animals and plants It would 
be difficult to count the number of species of organisms in which gene 
heredity has been observed to occur 

Soon after 1900, examples of Mendelun inheritance were found in 
man Of course, controlled hybridization experiments cannot be ar- 
ranged in man, but this drawback is compensated for by the abun 
dance of data on the distribution of \anous traits in human families 
and populations Let us consider as an example the inheritance of 
the ability to taste the substance known as phenyl thio carbamide 
(PTC, for short) Solutions of this substance have an intensely bitter 
taste to about 70 per cent of Americans, but to about 30 per cent they 
are almost tasteless The numbers of tasters (those able to taste PTC 
solutions) and non tasters (those who find them without taste) in 
800 families with 2043 children are summanzed m Table 2 1 The 

TABLE 2 I 

iNnERlTANCE OF THE ABILITY TO TaSTB PTC SOLUTIONS 
(After Snjder) 

Number Clulclren 

of — 

Families Parents Tasters Non-tasters 

86 Non taster X Non taster 5 (?) 218 (H) 

{it X it) 

289 Taster X Non taster 483 (Jl) 278 (H) 

{TT or Tt X tl) 

425 Taster X Taster 920 {TT or Tt) 130 (tt) 

{TT or Tt X TT or Tt) 

explanation which accounts best for the data is that the tasters carry 
a dominant gene T and the non tasters are homozygous for its reces 
sive allele, t Marriages between two non tasters {tty^tt) should 
produce only non taster children Actually 218 non tasters and 5 
tasters have been recorded These exceptions are due to the fact 
that some people who are actually “tasters do not find weak solu- 
tions of PTC particularly bitter, in any large material on human hered- 
ity the occurrence of some illegitimate children must also be reckoned 
with Some of the parents recorded as tasters wire doubtless homo- 
zygous (TT), and others heterozygous (Tf)» fhe gene T Some 
families in winch one or both parents were tasters produced, accord- 
ingly, only tasters, whereas others produced both taster and non- 
tasttr children (Table 2 1) 
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Mcndeliin inheritance of dozens or even hundreds of human traits 
has been established with v'ir>mg degrees of certainty Many of these 
traits are perfectly ‘normal'* For example, the blue eve color be- 
haves in most families as a recessive to brown (but m other families 



Figure 2 4 An albino boy with his non albino father Albinism is dui. to homo- 
zygosis for a rccessue gene whivh prevents the development of pigmentation 
(Courtesy of Professor J V Ned ) 


the situation is more complex, because some people who have the 
dominant gene for the brown eye color have nevertheless eyes of an 
indefinite grayish or greenish color) Albinism (virtually pigmentless 
skin, straw colored hair, usuall) pink ms of the e>es. Figure 2 4) is 
also caused b> a recessive gene Albinos are rare m most human popu 
lations, in England about one person in 20000 is an albino Albino 
children are usually born m families in which both parents have the 
dominant normal pigmentation but are heterozygous for the recessive 
gene for albinism A few instances of marriages of two albinos are 
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laws yet discovered Segregation and recombination of hereditary 
traits have been observed in most diverse animals and plants It would 
be difficult to count the number of species of organisms in which gene 
heredity has been observed to occur 
Soon after 1900, examples of Mendelian inheritance were found in 
man Of course, controlled hybridization experiments cannot be ar 
ranged in man, but this drawback is compensated for by the abun- 
dance of data on the distribution of various traits in human families 
and populations Let us consider as an example the inhentance of 
the ability to taste the substance known as phenyl thio carbamide 
(PTC, for short) Solutions of this substance have an intensely bitter 
taste to about 70 per cent of Americans but to about 30 per cent they 
are almost tasteless The numbers of tasters (those able to taste PTC 
solutions) and non tasters (those who find them without taste) in 
800 families with 2043 children are summarized in Table 2 1 The 

TABLE 2 1 

Inheritance of the Adility to Taste PTC Solutions 



(After Snyder) 


Number 


Cliildren 

of 




Families 

Parents 

Tasters 

Non tasters 

80 

Non taster X Non taster 

5(?) 

218 («) 


(« X ll) 



289 

Taster X Noo taster 

483 (Ti) 

278 («) 


(rr or Tt X «) 



4i5 

Taster X Taster 

929 {TTot Tt) 

130 (tt) 


(TT or Tt X TT or Tt) 




explanation which accounts best for the data is that the tasters carry 
a dominant gene T, and the non tasters are homozygous for its reces- 
sive allele, t Marriages between two non tasters {ttxtt) should 
produce only non taster children Actually 218 non tasters and 5 
tasters have been recorded These exceptions” are due to the fact 
that some people who are actually "tasters” do not find weak solu 
tions of PTC particularly bitter in any large material on human hered- 
ity the occurrence of some illegitimate children must also be reckoned 
with Some of the parents recorded as tasters were doubtless homo 
zygous (TT) and others heterozygous (Tf). for the gene T Some 
families in which one or both parraitx were tasters produced, accord 
mgly only tasters whereas others produced both taster and non- 
taster children (Table 2 1) 
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by obsening Mendclian segregation m progenies of crosses in \\lnch 
the parents differ in some traits If all men were tasters, or ail non- 
tasters of PTC, we would not so much as suspect that the genes T-f 
exist As a matter of fact, the discoxcry that PTC tastes bitter to some 
but not to other people was made In accident, when one chemist 
worhing wath this substance felt a discomfort which his non taster 
colleague found hard to understand If albinos were imhnown, or if 
exerybodv in the world had brown c\cs, or onl\ blue eves, the genes 
for albinism and for the eye color would remain unknown 
A gene must undergo a change and be represented by at least two 
alleles before its existence can be ascertained Ver\' rough estimates 
of the total number of genes ha\ e ne\ ertheless been attempted These 
estimates are of the order of 5000 to 15000 genes in the sex cell of , 
the vinegar flv, Drosophila, and 10,000 to 100,000 genes in a human ^ 
sex cell ' 

Mendelian segregation and assortment arc observed in the offspring 
of crosses Now, crossing or hybridization presupposes that the or- 
ganisms reproduce sexuallv In some lower organisms especially 
among bacteria, sexual reproduction was unknown until rccentlv, and 
the existence of genes in such organisms was not rigorously estab- 
lished until Lcdcrberg found that some strains of the colon bacteria 
can be crossed Recombination of traits has recently been found even 
m bacteriophages, making it probable that these organisms, visible 
only in electron microscopes, contain several genes Onlv the simple 
viruses such as the tobacco mosaic vims arc perhaps comparable to 
single genes For this reason they arc sometimes referred to as naked 
genes ' 

Some Applications of Mendel’s Laws As stated above Mendel 
crossed a variety of peas that had yellow and smooth seeds with a 
variety that had green and wnnMed seeds Owing to the recombma 
tion of genes he obtained m the To generation of hybrids not two but 
four varieties with (1) yellow smooth seeds, (2) vellovv wrinkled 
seeds (3) green smooth seeds, and (4) green wrinkled seeds 

Crossing hybridization, evidently may lead to production of new 
varieties, which is important m the breeding of agricultural crops and 
animals Suppose that a variety of wheat is valuable because it is 
genetically resistant to frost but has the drawback of being suscepti- 
ble to rust fungi Another variety has a satisfactory rust resistance 
but is not frost resistant It is then expedient to cross these varieties, 
and to look among the T. hybrids for plants resistant both to frost 
and to rust Of course plants devoid of either resistance are also 
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known, and as expected nil the children produced by such marriages 
are albinos 

Inheritance of Diseases Many diseases and malformations arc 
caused by defective genes A recessive gent, which is fortunately 
rare in most human populations, causes juvenile amaurotic idiocj 
when liomozygous This disease first manifests itself by failing eye 



Figure 2 5 Poljdaclyl)— presence of extra fingers and toes This is Inherited as 
a dominant trait (Courtesy of Professor J V Neel) 


Sight in children 4 to 7 >ears old and leads to blindness mental de- 
tenorabon and finall> to death before the age of adolescence An- 
other recessive gene causes a fatal anemia (Coole> s anemia) in 
homozygous infants but the same gene has a slight dominant effect 
also in the heterozygote, where it causes some abnormality of the red 
blood cells and a mild anemia A dornmant gene when heterozjgous 
causes polydact>l>, or the presence of extra fingers (Figure 25) An- 
other dominant is responsible for chondrodystrophic dwarfism— very 
short arms and legs, with a normal sized head and trunk 
Number of Genes The number of genes m a sex cell is not known 
either for man or for any other organism It is difficult to determine 
the number of genes because of an important limitation of our methods 
of studying the genes Indeed, we discover the existence of a gene 
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Genetic Endowments of Parents and Children Compared Accord* 
mg to the "blood thcor\, a parent transmits Ins hcrcditv is a wliolc 
to e\er} one of Ins clnldrcn On this basis if among jour ancestors 
there was a passenger on the MayfloiLCr, yon would possess a particle 
of e\er\ one of Ins tpiahtics In contrast to tins the gene theory 
show’s that e\erj parent transmits to his child onK half of the genes 
which he himself has The father and the, mother of a single child 
ha\e transmitted to the future generations one-half of their genes, but 
the other half of the genes which the\ carr\ will be irretries ably lost 
However, e\er\ child gets a somewdiat different set of genes from each 
parent A parent of two clnldrcn has transmitted approvimately three- 
quarters of Ins genes and failcrl to transmit one quarter, a parent of 
three children has. handed dowm to posterity about seven eighths, and 
a parent of n children a fraction 1 — ('/.)" of his genes 
LooVed at from the progeny point of view, siblings are likely to 
have approximalelv half of tlieir genes m common whereas the other 
half Will be different The blood ibeorv regarded the heredity of 
a child a fusion product of parental heredities If this were so, the 
heredities of brothers and sisters would be similar or even identical 
The outcome of hybridization of sexual union of dissimilar parents 
had to be a leveling off a neutralization, dissolution, of the differences 
between the heredities of the varieties crossed The gene theory 
leads to precisely opposite conclusions Sexual reproduction continu 
ously generates new combinations of genes The diversity of heredi- 
tary constitutions is thus maintained and increased by sexual unions, a 
fact that IS of immense importance for evolution In later chapters it 
will be shown that sex may be regarded as an adaptation of living 
matter which permits living matter to secure the evolutionary advan 
tages of gene combination 

Manifold, or Pleiotropic, Effects of Genes In the examples of 
Mendelian inheritance discussed above, a gene earned m the sex cells 
was alwavs spoken of as representing a discrete trait of the adult or- 
ganism A gene in peas caused a yellow seed color or a wrinkled seed 
surface, and m man we found genes for tasting PTC, for eye color, 
for amaurotic idiocy etc This way of descnbing and naming genes 
IS convenient because it is concise but it is also misleading because it 
seems to implv that every gene has an exclusive influence on one and 
only one character In reality, the gene theorv does not assume that 
the genes are rudiments or representatives of particular body parts or 
of particular traits The development of the organism is due to all 
the genes acting together in concert All the genes which the or- 
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likely to appear Combinations of good as well as of bad genes are 
impartially produced by the Mendelian segregation It is, then, the 
business of the breeder to pick out, to srlcct, the valuable combina 
tions of gtnes Some of the most valuable crop varieties have been 
obtained by selection among hybrid progenies denved by crossing two 
or several less \aluable varieties 

When the parents crossed differ in more than two genes the diversity 
of genetic constitution obtained b> recombination may be very great 
With three genes eight homozygous gene combinations can be formed 
among hybrids, with four genes sixteen, with five genes lhirty*two, and, 
in general, with n genes 2“ gene combinations Jn some F 2 progenies 
of parents differing m many genes no hvo individuals may appear 
alike 

Gene Differences among Siblings Segregation and assortment of 
genes take place not only m the offspring of artificially made crosses 
In. sexually reproducing organisms the individuals that mate differ 
usually m many traits and in many genes Every human being, tech 
nically speaking, is a hybrid, a heterozygote, for many pairs of alleles 
With 10 heterozygous genes there may be produced 2^'’ (1024) kmds 
of sex cells with different combinations ot genes, with 20 genes, 
1,048,576 kinds of sex cells, and with 250 genes, about as many kinds 
as there are electrons and protons m the universe Nothing can be 
more certain than that only a negligibly small fraction of the poten- 
tially possible gene combinations in any species are ever realized 

Nature is prodigal in the number of sex cells that are generated in 
many organisms In man a single ejaculation contains about 200 mil- 
lion spermatozoa Suppose that an individual who produces these 
sptrmatozoa is heterozygous for thirty or more genes It becomes 
unlikdy that any two spermatozoa will contain the same combination 
of genes Since most people are heterozygous for probably more 
than thirty genes, it is most unlikely that any two spermatozoa, or any 
two eggs, have the same genes In other words siblings, brothers and 
sisters rarely if ever receive the same complements of genes from 
their patents Only identical twins, who arise through division of a 
single fertilized egg, carry the same genes Unrelated persons would 
differ, on the av erage, in more genes than do brothers or sisters It is, 
then, a reasonable guess that no two persons alive (identical twins 
excepted) carry the sam« genes Every human being is a earner of 
a uTnque unprecedented and probably unrepeatable gene complex 
This IS true as well for sexually reproducing and cross fertilizing spe- 
cies other than man 
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ultimately biocliemicnl, processes in the cells, tissues, organs, and the 
whole bod) The genes produce, or influence the production of 
enzymes which are so important in eel! metabolism It ma\ be that 
every gene is responsible for the production of one and onh one 
enzyme, on the other band it is possible that the same gene, at any’ 
rate m higher organisms, makes different cnzvmes in different tissues 
and at different stages of development in the same tissue However 
that may be, a change or a removal of an enzyme may alter pro 
foundly the metabolism of eells and of the body An alteration of 
this sort mav result m a group a sviidromc of changes 
“Characters” Arc Abstractions To think that genes determine 
characters is misleading because a character or a trait is an abstrac 
tion which an observer makes to facilitate the description of his ob 
servahons For example, a manual of anatomv contains thousands of 
names for parts, ndges holes and other structural details of bones, 
muscles, and other organs We mav sav that each name corresponds 
to a “character but the number of the structures named is limiltd 
only b\ the convenience of tliosc who have to talk and write about 
these structures \ct a critic of genetics argued that if we must as 
sume one or more genes for each slnicturc, the number of genes will 
be infinite hence the genes do not exist! 

The solution of this imaginary difficulty is simple enough The or- 
ganism with all Its characters is an outcome of a process of develop- 
ment, which IS a system of physiological, and ullimatelv phvsico 
chemical events In the last analysis, these events arc by-products of 
the self reproduction of tlm genes Characters or traits which we ob 
serve are the outward signs of the occurrence of the development 
process How manv chaiacters we observe depends on how we look 
at the organism on how careful and detailed our studies are and 
above all on how we choose to describe our observations But the 
genes are there independent of how we talk or write about them 

Interaction of Genes in Development Every gene may affect many 
visible traits most traits are influenced by several or by many genes 
Interaction of gene effects in development may lead to some ex- 
tremely complex situations which are at first sight quite different from 
simple Mendelian inheritance Analysis of situations of this sort m 
terms of the gene theory was one of the outstanding problems of 
genetics during the first decades of its existence (roughly from 1900 
till 1920) 

Breeds of domestic and laboratory animals show quite a variety of 
coat colors In horses, cattle, sheep, cats, dogs, rabbits, guinea pigs. 
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ganism has interact with the environment, and in so doing they make 
the fertilized egg develop by stages into a fetus, an infant, a child, 
an adolescent, an adult, an old man or an old woman, and finally a 
cadaver It should always be kept m mind that, despite the shorthand 
designations which geneticists use in naming genes, many, and prob 
ably all, genes influence several or many traits of the organism which 
carries them Genes have manifold or pJeiotroptc effects 

Some early geneticists liked to speak of genes determining “unit 
characters”, yet pleiotropism of genes was known already to Mendel 
He crossed a variety of peas with purple flowers, brown seeds, and a 
dark spot on the axils of the leaves to a variety with white flowers, light 
seeds, and no axillary spot on the leaves In the segregation observed 
in the hybrids, the just-mentioned traits of the flowers, seeds, and 
leaves always stayed together as a unit Their mheritance can be 
accounted for by a single gene which visibly influences several traits 

The work of Morgan (1866-1945) has made the vinegar fly (Dro 
sophila melanogasier) and its relatives classical materials for genetic 
studies One of the variants (mutants) differs from noimal (wild 
type) flies of this species by having vestigial wings (Figure 4 5) The 
cross vestigial X normal gives an Fj progeny with normal wings and 
a segregation in a ratio 3 normal 1 vestigial in the Fs generation 
The gene for vestigial (ug) is, accordingly, recessive to that for normal 
wings (Vg) Careful comparison of vestigial and normal flies dis 
closes, how ever that the vvmg size is by no means the only difference 
between them Vestigial flies have also the third joint of the halteres 
(balancers) rudimentary, a certain pair of bristles on the body erect 
instead of flat, and some of the reproductive organs changed in shape 
Moreover, vestigial flies deposit fewer eggs than normal, their life is 
on the average shorter, and their larvae are the losers if they are made 
to compete with normal larvae in crowded cultures To a human 
observer, the wing size is certauily the most stnking difference be- 
tween vestigial and normal flies To the flies, the differences in 
fecundity, longevity, and viability may be more important 

Examples of manifold effects of genes could be multiplied at will 
Studies on hereditary diseases m man and in higher animals have 
shown tliat the genes produce not single traits but more or less com 
plex systems or syndromes, of characters These syndromes often in 
elude changes m many body parts, organ systems, and physiological 
functions of the organism 

The ongin of pleiotropism is easy to understand The genes bring 
about the development of the organism through physiological and 
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Figure 2 6 Inheritance of some of tlie peligc colors in horses Cross of a hiy 
and a chestnut (sorrel) horse gi'cs bay in F^ and biy blrck and chestnut in 
the F_ generation The bry color is produced by simultaneous presence of the 
genes / and B B without I gi%es black whereas homozygosis for b yields chest- 
nut regardless of whether I is or is not present 
89 
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mice, rats, poultry, pigeons, canary birds, and other species the coal 
and plumage colors are determined by interaction of numerous genes 
We choose the inheritance of the coat colors in horses as an example, 
although there is no agreement among the investigators about the in 
terpretation of some parts of this complex subject 
Coat Color m Horses The entire coat of some Jiorses, including 
the mane, tail, muzzle, and lower parts of the legs, is chestnut (sorrel) 
in color Mating of chestnut stallions and mares gives only chestnut 
foals Chestnut is due to homozygosis for a recessive gene, b Tlie 
dominant allele, B, of the gene turns chestnut into black Black horses 
are either homozygous, BB, or heterozygous, Bb, for this gene An 
other dominant gene, I, turns black into bay— a brownish coat with 
black mane, tail, muzzle, and lower parts of legs A black horse, then, 
IS always homozygous for tlie recessive allele, il, in addition to having 
at least one dominant B (Figure 26) But neither I nor t has any 
visible effects in the absence of B, accordingly, chestnut horses may 
or may not carry I As a result, horses of these colors ma> have the 
following genetic constitutions 


Chestnut 

Black 

Bay 

bb 11 

DD n 

DBll 

bb U 

Dbn 

DbU 

bbll 


DD h 



Bb h 


The matings black X black produce then, either only black or black 
and chestnut foals Black X chestnut ma> give black, chestnut, and 
bay All three colors may also appear in the matings bay X bay, bay 
X black, and bay X chestnut Addition of a further dominant, D, 
transforms the coat into dun (dilute yellow), sand colored ( “buck 
skin ) or bluish (“mouse ) coat with black or chestnut mane, tail, 
muzzle, lower parts of legs and a stripe on the middle of the back 
Chestnut black, and bay horses are, then, homozygous, dd for the 
recessive allele d ( = non dun) The dun color {BBIIDD) is charac 
tenstic of the wild horse of Mongolia {Equiis przewalskti), which is 
one of the progenitors of the domestic horse A race of the same 
species known as tarpan li\ ed in the steppes of Eastern Europe until 
it was finally destroyed a century ago (see Chapter 9) This race was 
mouse colored and probably had the genes BBiiDD 

Two further genes G and B, make the horse respectively gray and 
roan A foal homozygous or heteitnygous for G (GG or Gg) is bom 
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Inheritance of the Shin Color m Man 

Negro parent A mulatto produces, then, eight kinds of sex cells, aMth 
the genes P 1 P.P 3 , PiP.pa, P 1 P.P 5 , P 1 P 2 P 3 . JhP 2 }h, Jhp.Pi, and 

piP.Pz Accordingl}, marriages of muHttocs will give progenies of 
the genetic constitution shown in Figure 2 7 It can lie seen that 
almost a third— 20 out of 64 inulattoos— of the generation will carr\ 
three pigment genes and will accorihiiglv base about the sime skin 
color as the mulattoes of the Pi generation Almost a half— 30 out of 



Figure 2 7 Inheritance of the $km color in the white X Negro cross on the 
assumption that the color difference is due to three pairs of pignunt genes whicli 
exhibit no dominance The heights of the bars in tht. dngrain slioiv the per- 
centages among the second generation hybrids of indiiidinls with no with one 
two three four fixe, and six color producing genes 

64— will have two or four pigment genes and will have somewhat 
lighter or somewhat darker skins than the average P 1 mulatto About 
SIX m 64 will have five pigment genes and will be intermediate be- 
tween Negro and mulatto, and about the same number will have one 
pigment gene and a skin intermediate between mulatto and white 
And only a mmority—one out of 64— will have six pigment genes and 
full Negro skin color or no pigment genes and a white skin color 
Marriages of mulattoes and Negroes or of mulattoes and whites pro 
duce children most of whom have skin colors intermediate between 
those m the parents Indeed with three pairs of pigment genes at 
play, three eighths of the sex cells of the mulattoes would have two 
pigment genes, three eighths, one pigment gene, one eighth three 
pigment genes and one eighth no pigment genes (Figure 27) The 



Number of genes for dark skm pigment 
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with only a few while hairs scattered in an otherwise chestnut, black, 
bay, or dun coat (depending on the other genes) The proportion of 
white hairs rapidly increases, however, with age, making the horse first 
dappled gray and eventually white (with black skin) The gene for 
roan (fl) acts in a different way it causes the appearance of rather 
numerous white hairs interspersed with hairs of other colors, the 
amount of white not greatly increasing with age 

There are several further genes the effects of which on the coat 
color are not completely understood A dominant gene causes the 
horse to be pied with large white areas on the trunk (pied, piebald, 
or pinto horses ) The presence of white markmgs on the face and on 
the lower parts of the legs seems, however, due to a quite different 
gene, which is recessive to its normal allele, causing absence of white 
markings on these parts A “while” horse, having a light skin (that is, 
not an old gray), may be due to extreme development of the pinto” 
markings There is another gene, however, which gives a white coat 
when homozygous and a charactenstic pale (“palomino”) coat in 
heterozygous condition 

Polygenic Inheritance Analysis of such traits as the coat color in 
horses is facilitated by the fact that most of the genes which influence 
the trait produce discrete and easily perceptible effects Very often, 
however, the trait is caused by interaction of several or many genes, 
each of which taken separately produces only a small effect Such 
genes are referred to as multiple genes or polygenes 

Inheritance of the Skm Color in Man Davenport has suggested 
(1913) that the difference m skin color between Negroes and whites 
may be due to the cooperation of two pairs of genes without domi- 
nance This view undoubtedl> oversimplifies the situation Consid 
erably more than two pairs of genes influence the skm color m man 
To explain the principle of polvgenic inheritance, let us assume three 
pairs of pigment genes, such that a Negro has the genetic structure 
P-J’iPiPzPiPz, and a white, PtPip p.p3p3 Each gene denoted by a 
capital letter causes production m the skin of a certain amount of 
dark pigment The effects of different genes are additive, that is 
each gene adds a certain amount of pigment regardless of presence or 
absence of other pigment genes A Negro, then, would carry six pig 
ment genes and a white no pigment genes (this is admittedly inexact 
since whites who are not albinos always have some skin pigment) 

A Negro X white marriage produces Pi hybrids (mulattoes), who 
should be PjpjPsP-PsPs With three pigment genes the mulattoes 
have, on the assumptions made half as much sbn pigment as the 
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muhtto X Negro cross would, then, give three eighths of the children 
N\ith five pigment genes, three eighths with four, nnd one eighth each 
with SIX and with three pigment genes The mulatto X white cross 
would give three eighths of the progeny with two pigment genes, 
three eighths with one, nnd one eighth each with three and with no 
pigment genes Marriages between mulattoes and either whites or 
Negroes give mostly children intermediate between the parents in 
their skin color 

“Blending” Inheritance Polygenic inheritance was the last type 
of hereditary transmission to be analyzed in terms of genes The 
more multiple genes participate in the formation of a trait, the smaller 
are the visible effects of each separate gene, and the more difficult is 
the analysis of the “blending of the characters which is observed 
The inheritance caused by polygenes certainly resembles what was 
popularly believed to be heredity through blood As pointed out 
abo\e, the difference in the skin color between Negroes and whites is 
caused b> probably more than three pairs of genes Different “whites 
vary in skin color— from albinotic to tan— and this variation quite apart 
from the color variations due to skin exposure to sunlight African 
Negroes are likewise variable m skin color It is probable that some 
pigment genes are scattered m while populations and some genes for 
lightness of the skin m Negro populations Races differ mostly in 
relitive frequencies of genes in their populations (see Chapter 7) 

Varieties and breeds of agricultural plants and animals and also 
races and species of all organisms differ most often m traits caused by 
pol) genes Classical Mendelism dealt chiefly w ith clearly alternative 
trails, which can easdy be described as present or absent in a given 
individual Most men are either tasters or non tasters of PTC, either 
albinos or non-albinos either br4chydacl>lous or with normal fingers, 
etc Polygenic traits are usually matters of more or less of some 
quality Such quantitative characters are described by measurement 
or weighing, and studies of their inheritance require application of 
often recondite statistical techniques, which have been evolved and 
perfected especially in recent >ears 

The polygenes and the genes with discrete major effects are not 
basically different kinds of genetic units All conceivable intermediate 
situations exist Substitution of a gene for its allele may cause a drastic 
change in the organism or the change may be slight, or it may be so 
minute that statistical techniques are needed for its detection The 
difference between major genes and polygenes lies not in their nature 
hut in the techniques used for theu- study 
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believed that the mother fumtshes inert matter and the father imparls 
the motion to the new life Spallanzani (1729-1799) found, how 
ever, that this motion was not clue to some immaterial essence m 
the seminal fluid of the mak, as others supposed he sliowed that the 
seminal fluid of the frog lost its abiht> to fcrtili/c the eggs after a 
passage through a filter The fertilizing agent is not a simple liquid 
We could not go much bejond this without making use of a new 
instrument invented and gradually perfected a generation before Spil 
lanzanis— the microscope Using microscopes Leeuwenhoek Swim 
merdam and others discovered that the seminal fluid contains ani- 
malcules —spermatozoa (see Chapter 10) At about the same time 
de Graaf and others found that female mammals produced eggs hkt 
birds and frogs onlv much smaller But more than a ctnlurj had to 
elapse, and more powerful microscopes had to be manufactured, be- 
fore Oskar Hertwig (1849-1922) finally, m 1876 saw tlie eggs of a 
sea urchin being fertilized b> spermatozoa, and was able to discern 
that the most significant event tn the process is the union of two about 
equal nuclei, that of the egg and that of the sperm \'er> soon there- 
after Weismann, Roux Hertwig himself, and otliers realized that the 
phenomenon of the fusion of the nuclei during fertilization explains the 
equal potency of the female and the male m the transmission of 
heredity from parents to the progeny Tlie sex cells eggs and sper- 
matozoa, in most organisms are as strikingly unlike as cells can be Yet 
they contain similar parts— their nuclei and chromosomes The infer 
ence was then clear the material basis of heredity resides primarily 
in the nuclei and their chromosomes 
The quarter of the century immediately preceding the rediscoverv 
of Mendels laws roughly from 1875 till 1900 saw a rapid develop- 
ment of cytology, the study of the cell The following quarter of a 
century, approximately 1900-1925, brought an even more rapid prog- 
ress of cytogenetics, a synthesis of the findings of cvtology and genetics 
concerning the mechanisms of the transmission of heredity 

Nuclei and Chromosomes Cell nuclei were described by Brown m 
1831, even before the promulgation of the cell theory by Schleiden 
and Schwann in 1839 Soon thereafter (m 1848) Hofmeister observed 
the process of division of living cells in the plant spiderworth (Trades- 
cantia) He saw m the nuclei of dividing cells rod like bodies, which 
later were found to stain deeply in fixed preparations by certain dyes 
and called since 1888 chromosomes (stainable bodies) These stain 
mg reactions are now known to be due to the class of substances called 
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Cliroimsomes as 
Gene Carrw'S 

‘\Jmost 400 years ago the \eriaOle philosopher ^fonta^gne admitted 
being completely bafB<d by the mystery of heredity He thought that 
he had inherited from his father a diseasc'-a stone m the bladder, but 
his father suffered from this disease some >eats after Montaigne Nvas 
bom How, then, could the father transmit to his son something which 
he himself did not have at the time the son was conceived? And, 
besides, the semen was believed to be mere liquid How could a 
liquid transmit a stone m the bladder^ 

To disp«l even a part of the mvsUrv which worried Montaigne 
rnuch biology had to be learned At present w e would say that Mon- 
taigne did not inherit a stone in the bladder, wbat he inherited were 
genes which engendered a constitution, a development pattern, which 
included a predisposition towards formation of bladder stones Fur 
tliermore, we know that tht genes have a physical basis m the chromo- 
somes in the nuclei of the sex cells which are highly organised stme- 
tiires with complex and orderly behavior that makes heredity possible 
The physical basis of heredity is necessarily also the physical basis of 
evolution 

Sex Cells and Fertilization Leonardo da Vinci (1452-1519), who 
was so much ahead of his limes in so many tlungs, realized the basic 
fact that the father and mollier contribute equally to the heredity of 
tlic child as shown by the following quotation The black races of 
Ethiopia are not the products of the sun for if black gets black wjdi 
child in Scjlhn, the offspring is black But if a black gets a wlute 
woman with child the offspring is gray And tins shows that the seed 
of the mother has power in the fetus equally w ith that of the father ” 
From Aristotle on, until as Ute as the eighteenth century, most people 
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Figure 31 Chromosomes of sue species of Crepis (pinnts of the sunflower 
fimily) Each pair of chromosomes differs from nil others in its rtlntne size 
and in shipe (After Bnbcoch ) 



Subobscura Pseudoobscura Ananassae 

Figure 3 2 Chromosomes of males of six species of Drosophila flies x and y 
denote the \- and Y-chromosomes (Alter Patterson and Stone and other 
sources ) 
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nucleoprotems, and particularly desoxyribose nucleic acids (DNA), 
which all chromosomes contam 

The number of chromosomes in a nucleus was found, with few 
exceptions, to be constant for a species In many organisms different 
chromosomes m the cell nuclei arc recognizably different from each 
other This led Boxen (1862-1915), Wilson (1856-1939), Navashin, 
and others (around 1900) to the correct inference that chromosomes 
are unlike in their genetic contents (Figures 3 1 and 3 2) 

Strasburger, Butschli, Fleming Roux, and others found that cells 
divide usually by a remarkably precise mechanism called mitosh (Fig- 
ure 3 3) Mitosis begins with a prophasc stage, when chromosomes 
appear m the nucleus as slender threads, which are often composed 
of bead like chromomeres The chromomeres may be of different sizes 
and shapes, making each chromosome in a nucleus recognizable by a 
definite sequence of large and small chromomeres folloxvmg each other 
in a longitudinal file The constancy of the chromomere pattern is 
MSible evidence of the cliromosome being longitudinally differentiated 
into qualitatively different segments This differentiation reflects the 
constant linear arrangement of the genes (see page 58) 

The chromomere structure of the chromosomes is particularly evi 
dent in the giant chromosomes of cells of the salivary glands of larvae 
of certain flies ( Figure 3 4) These giant chromosomes, first described 
by Balbiani m 1881, and correctly interpreted by Heitz, Bauer, and 
Painter m 1933, are used extensively m genetic and exolutionary 
research 

The prophase stage is followed by meiaphase The chromosomes 
shorten and thicken (by being tlirown into a fine spiral) A spindle- 
shaped figure, composed of thin fibers or threads, arises in the cyto 
plasm The nuclear membrane disappears and the chromosomes be- 
come arranged usually in a single plane, midway between the poles 
of the spindle Tlie chromosomes now divide longitudinally into ex- 
actly equal hahes and during the anaphase the halves pass to the 
opposite poles of the spindle The cell also divides, the chromosomes 
enter the telophase and form the nudei of the daughter cells (Figure 
33) 

In most organisms the disjunction of the daughter halves of tlie 
chromosomes and them distribution to the poles of the mitotic spmdle 
are governed by the centromeres A centromere is a specialized seg 
ment of the chromosome permanently Exed in position which seems 
to act as the insertion point of the fiber connectmg the chromosome 
with the pole of the spindle 
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Figure 3 1 Chromo^oincs of six species of Crepis (plants of the sunflower 
familv ) Each pur nf eftromosomes <li(Tcrs from all others m its relative size 


and in shape (After BabcoeV ) 



Subobscura Pseudoobscura Ananassae 

Figure 3 2 Chromosomes of males of six species of Drosophila flies x and y 
denote the V and ^-chromosome:. (After Patterson and Stone and other 
sources ) 




Figure 3 3 Mitotic cell division in root tip of tJie common onion (Allium cepa) 
Tlie dngrammafic drawings represent the behavior of a single chromosome at 
different stiges of mitosis A inteiphase B prophasc C mctapfnsc D ana 
pliasc E telophase F the daughter nuclei (After Belar raodiScd ) 
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Between the successne mitoses the cell nucleus is m the »nfcr;>hflsc 
The cliromosomcs become diffuse 'ind iisinlh not \isiblc. 'is discrete 
bodies During mtcrplnse the genes reproduce thcinseUes, tint is, 
synthesize tlieir copies This cm be iiiftrrid among otlier things 
from tile fict tint the DNA content of the miclcns becomes doubled 



Figvire 34 The gnnt chromosomes in a cell of the sili\nr> gUncl of a l\r\ r of 
the fly Droso;j/ji/fl mt/onogflsfer (Courtesy of Dr Jick Schultz ) 


during the interplnse The mme, the resting st'ige, applied to the 
interplnse by old cytologists is, then, most inappropriate The lack 
of the visible activity during the inlerpbase, activity which is so 
obvious during mitosis is contrasted with intense physiological work 
Mitosis IS an impressively efficient mechanism which insures accurate 
distribution of genes from one cell generation to the other 

Meiosis Fertilization brings about fusion of the nuclei of the 
uniting sex cells or gametes The uniting gametes normally contain 
Jutplotd sets of chromosomes In man the haploid nucleus contains 24 
chromosomes in the fly Drosophila melanogaster 4 chromosomes, m 
corn (maize) 10 chromosomes A zygote which arises from the union 






Figure 33 Mitolic cell division In root tip of the common onion (Allium cepa) 
Tilt dugrammabc drawings represent the behavior of a single cJiromosome at 
different stages of mitosis A interphase B prophase C mctapliase D ana 
phase, E telophase F, the daughter nudei (After Belir modified ) 
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of the gametes contains the sum of the chromosomes which were tir 
ned in tlic gametes The dtploul chromosome numbers .arc 48 in mm 
8 in Droso/)hi/a mcJonog.astcr, 20 in coni 



Figure 36 Dngrunm-itic rtpresentUion of llie sngts of meiosis slumn in Fig 
ure 3 5 Tlie dngrims show only a single pur of tlirnmosonus the pitcnnl 
chromosome being represented blick ind llic mUernil white The centromeres 
are shown as white circles 

Sooner or later the diploid zygote must give rise to Inploid gametes 
This change is accomplished by a remarkable modification of the 
mitotic cell division, known as mewsts In seme lower organisms 
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Figvue 3 5 Meiosts m a maJe grasshopper (StenoboUinis) A Chromosome 
complement m a spermatogonnl cell shovung the diploid set of chromosomes 
B Early prophase in a pninary spermatocyte C Pachytene stige in a primary 
spermatocyte showing the paternal and maternal chromosomes united in pairs 
D Diplolene stage showing the paired chromosomes (hiialents) held together 
by chiasmati -E Metaphase or early anaphase of tJie first meiotic division 
showing the bwalent cliromosomes on spindle F Telophase of the first 
meiotic disision the hahes of the bnilents have disjoined and pissed to the 
opposite poles of the spindle C The tvvo celb {secondary spermatoc>1cs) re 
suTng from the first mciotic dwLsmn H Anaphase of the second me.ot.c dlM 
non showing a haploid set of chromosomes passing to each pole I Telophase 
of tlie second meioUc division resulting in formation of cells (spermaUds) ran 
Inlng single chromosomes of each hind wl^h the species possesses (After 
^ Belar modified } 
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chromosomes at meiosis, is responsible for this recombination of linked 
genes Morgan adsanced the hvpothesis that the frequenev of rccom- 
bination is a function of the distance between the genes in the chromo- 
some Other things being equal, the farther apart the genes arc the 
more likely it is that a cliiasma will be formed betaaeen them Neigh 
boring genes in a chromosome arc strongK linked those farther apart 
are e\changed more frequently Of course the likehliood of chiasina 
formation depends on many things besides the distance between the 
genes It happens that in the spermatogenesis of male Drosoplula 
no chiasmata are formed in the chromosomes Accordingly, no re- 
combination of linked genes takes place in the offspring of lubrid 
Drosophila males 

Morgans hypothesis w'as amply confirmed and developed by Bridges, 
Muller, Sturtevant, and others Numerous experiments were earned 
out m which the recombination of linked genes was studied in hvhrids 
of Drosophila and in other organisms Sturtevant found a regularitv 
which holds strictly for rather closely linked genes namelv, if the 
frequency of recombination between genes A and B is v, and between 
B and C is ij, then the recombination between A and C is either 
X + tj or X — y Such a relationship is expected if the genes A, B and 
C are arranged in the chromosome m a single linear file Althougli 
complications arise with loosclv linked genes, the experimental data as 
a whole are consistent with llie theory 
This theory has enabled geneticists to map the distribution of genes 
m the chromosomes of genetically well known species Figure 3 10 
shows maps of this sort for the most thoroughly studied fonn, Dro- 
sophiJa melanogaster These genetic maps indicate which genes 
belong to each linkage group, the order in winch the genes of a given 
linkage group are arranged m the chromosome, and the ‘distances 
between the genes, expressed m map units, which, in turn represent 
the frequencies of recombination between the genes expressed in 
percentages 

Genetic chromosome maps, all of them less detailed than those 
shown in Figure 3 10 now exist for several species of Drosophila, for 
maize, for peas (Pisum), sweet peas ( Lathy rus) beans morning glorv, 
I the fungus Neurospora the mouse Very sketchv maps, showing the 
/ location of very few genes exist for some chromosomes of about two 
dozen more species of pi ints and animals, including man 

Sev Chromosomes During the earlv years of the current centurv 
Wilson Sutton, McClung Montgomery Stevens, and others invest/ 
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traits, which showed Mendehan inheritance in crosses with normal 
flies and with each other However, in some of these crosses certain 
traits failed to show the expected independent assortment Examples 
of such crosses are shown in Figures 3 8 and 3 9 

When a fly with vestigial wings but with a normal, gray, body color 
IS crossed with a fly which has a black body but normal ^vlngs, the 
Fi hybrids are wild type, that is have normal wings and a normal 
body color Vestigial wings are, then, recessive to normal wings, and 
black IS recessive to the normal gray Let these hybrids be back 
crossed to a double recessive strain with vestigial wings and black 
bodies According to Mendels second law, the hybrids should pro 
duce four kinds of gametes in equal numbers, and the progeny of the 
backcross should consist of black-vestigial, black, vestigial, and wild 
t\pe flies in equal proportions (1111) 

This expectation is not realized When Fj hybrid males are back 
crossed to black vestigial females the offspring are vestigial gray-bodied 
and black long winged flies in equal numbers (Figure 3 8) When 
Fi hybrid females are used, the four expected classes appear m the off 
spring, but not in equal numbers The parental combinations of 
genes, that is, the vestigial gray and the black long-winged flies con 
stitute about 83 per cent of the progeny The products of recombina 
tion of genes, wild type and black vestigial flies, make up only about 
17 per cent of the progeny 

Morgan saw that this infringement of Mendels second law is ex 
pected if the genes for the black body color and for vestigial wings 
are borne on the same chromosome The Fi hybrids shown in Fig- 
ures 3 8 and 3 9 carry one chromosome with the normal allele of 
vestigial and the gene for black The genes in a chromosome are 
linked m inheritance At present more than 500 genes are known in 
Drosophila melanogaster They fall into four linkage groups corre 
spending to the 4 chromosomes in the haploid set of this species In 
maize ten linkage groups are known that correspond to the ten chromo- 
somes m the haploid set In the mouse thirteen linkage groups are 
kmown, seven more linkage groups remain to be discovered since the 
haploid set consists of 20 chromosomes 

Linear Arrangement of Genes The linkage of genes located m a 
chromosome need not be absolute In the vestigial X black cross 17 
per cent of recombination appeared m the offspring of Fj hybrid 
females (Figure 3 9) The occurrence of cluasmata (page 52), of 
the exchanges of sections between the paired paternal and maternal 
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g'lttd some remadable differences observed between the chromosomes 
of females and males m many organisms In some grasshoppers and 



Figure 38 Linkage of the genes foi Uic Wick tody color (6) and \esUgiaI 
Ming (o) in Drosophila meianogaster The alleles of these genes giving the 
normal gray body color and normal wings ire symbolized by + The linkage 
in this cross is complete because the Fj hybnd heterozygote is a male (From 
C Stem } 

bugs the males hive one chromosome fewer than the females The 
chromosome numbers in females are e\en, those in males are odd At 
meiosis in spermatogenesis one of the chromosomes is left unpaired, 
and at the meiotic divisions passes into half of the cells As a result 
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sists of unequal members (Figure 3 2) Tins is tlie ease in many flies, 
including Drosophila, m many beetles, and in mammals, including man 
(Figure 3 11) The female has two \ chromosomes, and all eggs con- 



Figure 3 11 Human chromosomes slionn as meiotic bmlcnts in t spcrmito 
cyte The bivalent contumng the sex determining \ and Y chromosomes is in 
dicited b> an arrow (Courtcs> of Dr Jacl. Schultz ) 


tain a single X The male has one \- and one Y-c.hromosome At 
meiosis the \ and the \ pair and form an unequal bivilent At the 
meiotic divisions the \ and the Y separate and pass to different cells 
Half of the spermatozoa caiT> the X-chromosome, and the other half 
carry the ^ When an egg is fertilized by an X-beanng spermato 
zoon the result is an XX zygote, which is a female A spermatozoon 
with a Y chromosome gives an \Y individual, which is a male 

For example m man h ilf of the spermatozoa carry 24 chromosomes, 
including an \ chromosome, and half contain 24 chromosomes, includ 
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vidua^ wiU Inve two X chromosomes, and will be a female But d a 
spermatozoon without an X fertilizes an egg the result is an odd num 
ber of chromosomes, a single X chromosome, and a male 
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Figure 3 10 Gcnplic maps of the chromosomps of Prosophila melcnogaster 
showing the rehtist po^aions in the chromosomes of some of the genes knosvn m 
this organism 


In man> organisms, the chromosome number is equal and e\ en in 
both sixes, hut the male has one of the chromosome pairs which con 
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Since 1910 1 great deal of infornntion rclcMnt to the llicory In; 
been acciimiihted In ponllry and certain otlicr birds, males were 
found c\ tologicallj to have two X chromosomes and females an X anc 



Figure 3 12 Inheritance of i gene camedi in the sex chromosome A white e>e 
female of DrosopJula meJanOgaster is outcrossed to i red e>ed nide and the L 
progeny are inbred The svmhols to and + stand for the genes for the whil 
ind the red eye colo-s respectnely the \ chromosomes are shown rectangul; 
and the 1 chromosomes hooh shaped 


a If chromosomt In accordance with this the sex 1ml ed inhentanc 
in birds is of the same kind as in moths Drosophila man, and rmn 
other Organisms including some dioecious plants ( with separate sexei, ' 
were found cytologically to ha\e an X and a l-chromosome m male, 
two \ chromosomes m fern lies In man the \ision defect Inown a 
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ing a Y All the eggs hive 24 chromosomes, one of which is the 
X chromosome Fertilization restores the diploid chromosome comple 
ment, 48, but in about half the cases this complement will contain two 
X chromosomes, ind will give a girl The other half of the fertilized 
eggs will carry in X- and a Y-chromosomt, and will give i boy 

Curiously enough, m birds, butterflies, moths, some fish, and prob 
ably in at least some of the amplubians and reptiles, the conditions 
are reversed Namely, it is the male which has two X chromosomes 
ind forms spermatozoa all of which carry an X Females are XY, 
ind half of the eggs carry in X, whereas the other half carry the 

Y chromosome 

Sex Linked Inheritance In 1910 Morgan found a mutant indi 
vidual of Drosophila mclanogaster which had white instead of the 
normal red eyes This fly was the progenitor of a strain of white e> ed 
flies When white eyed females from this strain were crossed to nor 
mal red eyed males, the offspring consisted of red eyed daughters 
and white ey ed sons, as shown m Figure 3 12 The Fj generation had 
about equal numbers of white eyed and red eyed females and males 
The reciprocal cross, norma! red eyed females to white eyed males, 
gave the result shown in Figure 3 13 The Fj flies were red eyed, 
whereas in Fs half of the males were white eyed, ind the other half 
of the males and all the females were red eyed 

This sex linked inheritance follows if the dominant gene for red, 
and its recessive allele for white, eyes are borne in the X chromosomes 
The Y-chromosome his no allele of this gene A mile derives his 
single X chromosome from his mother, i female receives one X from 
her mother and another X from her father A father transmits his 
X-chromosome to all of his daughters but to none of his sons The 

Y chromosome is transmitted from father to sons only in the male hne 

An interesting historical detail is that in 1910 Morgans hypothesis 

did not appear to be free of difficulties Proposing this hypothesis 
required a great deal of courage Indeed it so happened that, before 
the studies of Drosophili sex linked inheritance was discovered in a 
species of moth But moths, as indicated above, have a sex df.term'*'- 
ing mechanism which is the reverse of that in Drosophila, XX males 
and Xi females Accordingly the sex hnked inhentance in moths is 
also reversed a female transmits her sex linked genes to all of her 
sons but to none of her daughters In 1910 the sex chromosomes of 
Drosophila and of moths had not been studied cytologically and all 
the insects which had been examined had XY males (or XO males 
devoid of Y chromosomes) The inheritance of genes and the inheri 
tince of chromosomes did not seem to agree very weU 
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increased if the parents are treated with \ rays or temperature shochs 
In 1916 Bridges (1889-1933) published Ins classical work analyzing 
these exceptions 

Bridges reasoned that a white e\cd daughter of a red eyed fatlicr 
must possess two X chromosomes (since she is a female), both carr\- 
ing the gene white (since she has w'liitc e>es) She can ha\e re- 
ceued these X chromosomes onh from her mother A red e>cd son 
must have a single X chromosome (since he is a male), derived from 
his father (since he has red eves) How can such distribution of the 
sex chromosomes take placed Bridges s hypothesis w as that the process 
of meiosis in the females goes wrong in about one among 2000 to 3000 
cells (Figure 3 14) Instead of the two X-chromosomes of the female 
disjoining normally, both of them either remain in tlie egg or art 
eliminated in the polar bodv This failure of the chromosome dis- 
junction yields exceptional eggs with tw o X chromosomes or w ith 
no X chromosome 

An egg with two Xs may be fertilized by a Y beanng spermatozoon 
and will give rise to a white eyed female This evceptional female 
must, if the hypothesis is correct, differ from normal females h> having 
a Y chromosome in addition to her two X chromosomes Normally, 
of course the Y-chromosome is found only in males Here, then, is an 
opportunity to test the validity of the hypothesis Bridges proved 
cytologically that the exceptional females hive the extra Y chromo- 
some as predicted An exceptional egg with no Vchromosome, fer- 
tilized by an \-bearing spermatozoon, will give a red eyed excep- 
tional male The exceptional males, however, must lack the Y- 
chromosome This prediction also proved correct 
The exceptional eggs with two Xs, fertilized by an X bearing sperm, 
will give individuals with three X chromosomes Such individuals are 
poorly viable but they occasionally survive as so called superfemales 
They were identified by Bridges in another experiment The eggs 
devoid of \ chromosome, fertilized by a Y-beanng sperm, are inviablc, 
such dying eggs were identified m the experiments of Li and of Poul- 
son Bridges analyzed also the progeny of the exceptional, XXY, 
females crossed to normal males he was able to make certain pre 
dictions regarding the composition of these progenies which were 
found to be correct 

Changes m Chromosome Numbers Occasional failures of the nor- 
mally very precise processes of mitosis and meiosis may have important 
consequences Non disjunction gives rise to cells with one of the 
chromosomes represented more, or fewer, times than the other chromo 
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color blindness, the blood disease known as hemophilia, and certain 
other normal and pathological traits exhibit the sex linked inheritance 
and are, accordingly, locali7ed m the X chromosome 



Figure 3 13 inhentnnee of a gene earned in the sex chromosom'* A red eved 
female of Drosophila nic/cnogort^r is outcrossed to d white eyed male and the 
Fj progeny are jnbred The symbols are like those in Figure 3 12 

Non disjunction of Sex Cliromosomes as Proof of the Chromosomal 
Theory of Heredity In Drosojdiifa inelanogostcr the crosses of white- 
eyed females and red eyed males give the outcome shown m Figure 
Q 12 in most, but not in all cases About one white e> ed female fly 
appr ars in the Fi generation among 2000 to 3000 red eyed ones about 
one red eyed male may be found among similar numbers of white eved 
ones The frequency of such exceptionar individuals is apprecnbly 
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the cell division nn> hil, despite the chromosomes’ having normally 
spilt into daughter halves Such failures of the cell division occa- 
sionally occur in apparently normal individuals Within the last tvv'o 
decades chromosome doubling without cell division has been induced 
artificially with the aid of certnn drugs, particuhrly the alkaloid 


a 6 c d 



abed 




Figure 3 15 A scheme showing different kinds of chromosomil vberntions A 
Two pvirs of original or normal chromosomes B Dcficiencv C Duplication 
D and F Heterozygous and homozygous translocations respectivelv E and G 
Heterozygous and homozygous inveisiom respettwelv (From Smnott Dvinn md 
Dobzhansky courtesy of the McGrav%-Hill Book Company ) 


colchicine As a result of the chromosome doubling sex cells arise 
which carry a diploid instead of the normal reduced or haploid, 
chromosome set Whole individuals are thus obtained with three 
{triploid) four (tetraploid), or higher polyploid chromosome com- 
plements Polvploidy IS of considerable importance in the evolution 
of the plant kingdom (Chapter 9) 

Changes m Gene Dosage Most genes are represented once and 
only once in the haploid chromosome complement However, from 
time to time individuals appear which have a block of genes lost (de- 
fictcncij) or present m excess {duplication) (Figure 315) Just as 
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somes of a set Individuals with extra chromosomes, or with some 
chromosomes missing, are termed aneuplolds 

In organisms with small numbers of chromosomes anuiploids are 



Figure 3 14 The inheritance of ihe white eye color in Drosophila melanogasier 
caused by accidental failures of the X-chromosomes of a white eyed mother to 
disjDUi at meiosis Compare with Figures S 12 and 3 13 


usually mviable but in forms with many small chromosomes the 
aneuplolds survive more easily In certain grasses, such as the blue 
grass Poa which produce seeds avithout fertilization aneuplolds are 
common in natural populations 

Even more important are polyploids which carry more than two 
pnt.rp chromosome sets in theu- cells Both at mitosis and at meiosis 
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one and onl) one centromere Chromosome fr'^gmtnts dc\oid of 
centromere become lost SimilarK, neu chromosomes formed b\ the 
union of fragments arc lost if the\ includL two centromeres Cyto 
logical e\armnation of diwcling cells exposed to strong doses of \ ra\ s 
usinll) shows chromosome fragments which arc ehmnnted from the 
nuclei on account of failure to include a centromere Such cells eonit 
to contain deficiencies for blocks of gents and e\cntuallv die off This 
effect of Vrays on chromosome breakage is responsible for a major 
part of the radiation damage to h\ing tissues as well as for the re 
gression of \ ray -treated cancerous growths 
Genetic and Cytological Study of Chromosomal Aberrations Com 
paratne genetic and cytological imcstigation of deficiencies, duplica- 
tions, translocations, ind nl^crslons has \ieldcd final proof of the 
validity of the theorv of linear arrangement of the genes Every one 
of these chromosomal ihcrrations can he diagnosed in genetically well- 
Vnowm organisms by making crosses with strains containing suitable 
genetic markers And in orgaftisms favorable for cytological inves- 
tigations the aberrant structure of the chromosomes can he seen under 
the microscope 

Consider for example, the study of the Notch dcficiencv in the flv 
Drosophila inclaiiogastcr made by Mohr (1923) Females hetcrozv- 
gous for Notch have a notched wing margin and there arc certain 
disturbances in the arrangement of the small bristles on the thorax of 
the fly Males which receive the X-cliromosomc containing Notch 
from their mothers are inviable Notch is, accordingly, a sov-hnkcd 
condition which has a dominant effect on the wings and bristles when 
heterozygous and a recessive lethal effect in the male 

Mohr crossed Notch females to males vvith white eves As we know, 
white eves in Drosophila arc due to a recessive sex-linktd gene (Fig 
ure 312) As expected, half of the females in the Ti generation of 
this cross showed Notch wings the other half had normal wings But 
unexpectedly the Fi Notch females also had white eyes whereas the 
non-Notch females had normal red eyes In the presence of Notch 
the vvhite eye color behaves as though it were dominant to the nor- 
mal red Another normally recessive trait, namely, facet eye, also 
acted as a dominant in Notch flies but other recessive sex-hnked trails 
behaved quite normally (seethe map of the X chromosome in Fig- 
ure 310) Mohr concluded that Notch is not due to a change in a 
single gene hut represents a deficiency in the chromosome comprising 
a block of genes which includes vvhite and facet 

Under the microscope a deficiencv can be detected most easily m 
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with aneuploids, deficiencies and duplications for large sections of 
chromosomes arc often invinhlc It is interesting tint the organism 
withstands the duplication of a block of genes generally more easily 
than a deficiency of tlie same genes In particular, the loss of a gene 
or a group of genes from both chromosome sets m a diploid organism 
(a homozygous deficiency) is usually lethal This fact strongly sug 
gests that almost every gene which the organism has must be present 
at least once to permit life and development 

Deficiencies, and especially duplications, have doubtless played 
important roles m evolution Tlio evolutionary development of the 
living world has, on the whole, led from simple to more complex forms 
of life It IS reasonable to suppose that this progression from the 
simple to the complex was accompanied by an increase in the number 
of genes which a species carries Duplication and polyploidy are the 
only known methods whereby such increase could occur, since the 
appearance of self reproducing genes from non self reproducing cell 
structures seems improbable When a duplication occurs, the genes 
in the repeated sections are, to start with, merely copies of each other 
In the process of evolution, however, they may suffer divergent 
changes (by mutation) and thus become different genes 

Changes in Gene Arrangement The linear arrangement of genes 
in the chromosomes is usually constant in all individuals of a species 
However, changes in the chromosome structure occasionally occur, 
their frequency is materially increased in the offspring of X*ray treated 
individuals The starting point of these changes is breakage of the 
chromosomes Suppose, for example, that two different normal chromo 
somes which carry the genes ABCD and EFGH, respectively break 
into fragments AB, CD, EF, and GH The fragments are usually lost 
unless the broken off ends re-estabhsh connections with other broken 
off ends New connections mav however, arise thus ABGH and 
EFCD Such exchange of segments between different chromosomes 
IS known as translocation (Figure 3 15) 

A single chromosome may be broken at two or more points Thus 
the chromosome ABCD may give fragments A, BC, and D The 
middle fragment may rotate through 180 degrees, and a new chromo 
some may have a section inverted compared with the onginal ar- 
rangement ACBD This IS known as inversion of a chromosome 
section (Figure 315) 

There are some simple rules which govern the formation of trans 
locations and inversions In organisms in which the chromosomes 
have localized centromeres, each rearranged chromosome must have 
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or homozvgous for cleficiencits or cluplicntions arc usuall> different 
from normal m c\tcrinl appearance and sometimes in\ nble But 
translocations and iiuersions inNohi. changes onl\ in tlie arrangement 
of gents in tlic chromosomes Trxnslocition ind in\orsion htterozs 
gotes and homozsgotes should ln\c the sunt genes as incliMdinls 
free of these chromosomal abirrations, teen lliougb these genes arc 
differentU arranged in the chromosomes 
It might seem that the appearance of the organism and its plnsio 
logical functions should not be changed h\ the oceurrcncc of trails 
locitions or msersions Tins is indeed often the cast But main 
fvccptions are known, particularK in Drosophila In some mstanees 
normally dominant genes lose their dominance when placed in tlu 
chromosomes with changed gene order In other instmccs the re 
arnngement of the genes results m some of these genes behaMiig as 
though they had suddenly become ver\ unstabli and had undergone 
frequent changes, or mutations during the disclnpincnl of the or 
gamsm This last tvpe of beha\ior gnes rise to spotted or ‘ mosaic 
distribution of colors and otlier traits not uncommon among garden 
sanetios of some ornamental plants TinalK some translocations and 
imersions are poorl> siablc or Itllid when homozygous 
The iboye position effects arc forcing geneticists to rc\isc their idt is 
about the relationships betyyeen the genes and ebromosomes Until 
the discovery of the position rffccts there was nollnng to contradict 
the assumption that a chromosome is an aggregate of completely inde- 
pendent units grnes arranged in a fortuitous linear order This was 
ccrtainl> the simplest hypothesis that we could make and it served 
well for a time but the real situation is not quite so simple The genes 
which he in the chromosome next to each other are neighbors because 
their proximity makes them act together well A thiomosome is not 
just a container for genes but a harmonious s>stem of inter icting g< nes 
The arrangtment of genes m \ chromosome Ins developed gradually 
during the evolution of the organism to which the chromosome be- 
longs, the structure of v chromosome like the structure of any organ 
IS a product of idaptive evolution 

Ev olutiotv of Heredity Among the now existing organisms possibly 
only the simplest viruses ma> be simple self reproducing molecules, 
or naked genes All other organisms have many genes It is tempt- 
ing to speculate that life appeared at first in the form of virus like 
molecules which caused formation of their copies from non-hving 
substances m the environment These primordial viruses then became 
dntrsified m response to the vanet> of environments which could 
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the giant chromosomes of the sihvary gJands Pairing of the ma 
ternal and the paternal homologues is very intimate, disc by disc, in 
tlicse chromosomes The discs which correspond to the genes missing 
m the deficiency chromosome have, then, nothing to pur with, and 
they form a buckle of a kind shown in Figure 3 16 If the genes 
which are missing are known from genetic study, like that carried out 
by Mohr it is reasonable to conclude that these genes are located m 
a normal chromosome which forms the “buckle ' Thus the location 



Figure 316 A section of a chromosome In the boal sohsary gUnd celt of 
Prosopliila pscudoohscura showing a deAciencv liueLIe The giant cfiromo 
5omes in tlie salivary gland cells consist of ihe corresponding paternal and mater 
nal chrotnosonies Ughtl)’ paired T!>e indivadtial represented in this figure lacked 
a block of genes The concsponding section tn tlie normal cliromosome has 
formwl (he Tmckle ** 

of the genes becomes known not only on the genetic “map" but also 
in the actual chromosomes visible in the microscope 
In genetically well known organisms, such as Drosophila flies or 
corn plants knowledge of the behavior of a given chromosomal aber 
ration in crossing cTpenments permits prediction of the chromosomal 
confi^rations to bo found by cytological stud)' Conversely, the 
appearance of the chromosomes under the microscope permits pre- 
diction of the outcome of certain crosses Obviously this correlation 
of genetical and cylologicol findings attests the correctness of the 
chromosomal theories of heredity which make the predictions possible 
Position Effects There is an important difference between the de 
flcicncies and duplications on one hand and translocations and mver 
stons on die other Tlie former two types of chromosomal aberrations 
mvohe subtraction or addition of some genes or gene blocks, that is 
changes m gene dosage or the gene balance Individuals heterozygous 
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sustain their self reproduction (Chapter 5) The next step m the 
progressive evolution involved association of two or several unlike 
simple viruses into compounds, development of a mutual usefulness 
and interdependence, and final integration of the associated viruses, 
or genes, into orgamsmic units, which might have been primitive ^lls 
Cells again formed colonies At first the colonies consisted of equiva 
lent and later of differentiated members The latter became multi 
cellular organisms 

Association of interdependent self reproducing bodies, or genes, 
raised biological problems which the "naked genes” did not have to 
face Consider what happens when a complex of interdependent 
units, such as a cell, gives nse to a progeny The progeny must be 
endowed with a fixed number of copies of each of the constituent 
^units The reproduction of compound units must be accurate In the 
process of evolution this problem of precision was solved by assembling 
genes into aggregates, known as chromosomes, and elaboration of 
mechanisms of cell division, or mtfosts 

The sexual process brought with it the evolutionary advantage of 
continuous production of ever new gene combinations (Chapter 11) 
Sexual reproduction, however, requires mechanisms that would alter 
natel> place together gene sets derived from different parents and 
recombine and sort out new gene complements This requirement 
became satisfied with the appearance and perfection of the mech 
amsms of fertilization and of reduction division or metosis Aggre 
gation and interdependence of genes in complex organisms thus led 
to the evolution of the genes being supplemented by the evolution of 
chromosomes 
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sustain tlieir self reproduction (Chapter 5) The next step in the 
progressive evolution involved association of two or several unlike 
simple viruses into compounds, development of a mutual usefulness 
and interdependence, and finnl integration of the associated viruses, 
or genes, into orginismic units, which might have been primitive cells 
Cells again formed colonies At first the colonies consisted of equiva 
lent and Inter of differentiated members The latter became multi- 
cellular organisms 

Association of interdependent self-reproducing bodies, or genes, 
raised biological problems which the naked genes did not have to 
face Consider what happens when a complex of interdependent 
units, such ns a cell, gives rise to n progeny The progeny must be 
endowed with a fixed number of copies of each of the constituent 
^units The reproduction of compound units must be accurate In the 
process of evolution this problem of precision was solved b> assembling 
genes into aggregates, known as chromosomes, and elaboration of 
mechanisms of cell division, or mitosis 

The sexual process brought with it the evolutionary advantage of 
continuous production of ever new gene combmations (Chapter 11) 
Sexual reproduction however, requires mechanisms that would alter 
nately place together gene sets derived from different parents and 
recombine and sort out new gene complements This requirement 
became satisfied with the appearance and perfection of the mech- 
anisms of fertilization and of reduction division or meiosis Aggre- 
gation and interdependence of genes m complex organisms thus led 
to the evolution of the genes being supplemented by the evolution of 
chromosomes 


Suggestions for Further Reading 

Sinnotti E Dunn L C and Dobztwnsky TIi 1950 Prtnaples of Genetics 
4th Edition McGravv Hill New Yorl. 

Chapters VII-XI of this testbook of genetics discuss the basic facts of cyto 
genetics 

White M J D 1934 Animal Cytology and Etohition 2nd Edition Cam 
bridge Uni%ersity Press London 

This IS the be^t available outline of cytogenetics of animals and of its bearing 
on evolutionary problems 

Riley H P 19-18 Genetics and Cytogenetics John Wiley New York 
A textbook of genetics with an emphasis on plant cytogenetics 
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Heredil) in Different EnMronmenls All organisms, from simplest 
\inises to man, build their bodies, and those of tlieir offspring from 
materials derned from the ciiMrommnt I2vtr\ organism can rt 
prodiici itself from a cerlim range of food nuti rials, and under i 
\anet\ of cinironmtntal conditions \n organism that could c\ist m 
onl) a single cinironmenl would not remiin ali\e for long because 
the environment does not remain the same from one instant to the 
next E\er> organism, therefore is adapted to live in a certain varietv 
of environments How can this adaptedness be retained in changing 
environments’ 

Let A stand for a self reproducing entitv— a gene, a virus, or the 
sum total of the genes which an organism carries (the gcnolvpe sec 
below) Suppose that A builds its repheas m different environments 
or from different materials ( foods ) 2t|, Bs, lij. etc The process of self- 
reproduction ma), then be visualized as follows 

A -I- /h = 2 I + Cj 
= 2 i + C 2 
I -i- By = 2A -f- Cy 

Cl, Co and C 3 ma> stand for b> products of the gene reproduction 
or for the non self reproducing cell parts, or for the bodily forms which 
are the outcomes of the development of the organism m different en 
vironments The essential point of this scheme is that, so long as the 
environment is capable of maintaining life of a given kind of gene or 
of gene s>stem the genes reproduce their copies (A becomes 2A), or 
else they do not reproduce at all In contrast to this the organisms 
(C) produced in different environments var> 

Genotype and Phenotype The fundamental nature of the distinc- 
tion between A and C in the above scheme was perceived in 1909 by 
Johannsen (1857-1927) He called the heredity received by an or 
gamsm its genottjpc, and the appearance of this organism its pheno- 
type The phenotype changes continuously so long as the organism 
remains alive A series of photographs, taken at intervals from infancy 
to old age, illustrates the changes in the phenoty pc of a person 

On the other hand the genotype of a person is relatively constant 
It IS presumably much the same during manhood as it was in youth 
and m childhood and as it will be during senescence The nature of 
this constancy must be clearly understood Although the chemistry 
of the gene reproduction is unknown, it is quite certain that symthesis 
of nucleoproteins must entail a complex series of chemical reactions 
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Heredity, Environment, 
and Mutation 

E\eryday language uses the word "heredity both for biological in 
hentance and far legal inheritance of property The statement that a 
person has inherited from his parents a dark, or a light, skin color does 
not mean the same thing as the statement that this person has in- 
herited from his relatives a house or a farm Inherited houses and 
farms are buildings or pieces of land which change their owners, the 
skin color is not transferred in this manner The narrow bridge which 
connects parents and oSspring is formed by the sex cells, and human 
sex cells have no color, and for that matter no skin Inheritance of 
skin color refers to a developmental pattern which leads to the for- 
mation of a certain amount of pigment in the skin 

Just how much skm pigment is formed depends, however, not only 
on the presence of certam genes but also on the environment m which 
the carriers of these genes live Exposure of the skin to sunlight, or to 
ultraviolet rays of certain wavelengths darkens the skin color The 
trait (skin color) that develops is thus determined by interaction of 
the heredity and the environment 

The environment concerned, however, is not only that prevailing 
at a given moment, but also the whole sequence of environments which 
the organism met during its lifetime The color of my skin today 
is determined not only bv the sunshine or its absence now but also 
by the amount of time spent outdoors and indoors during the preceding 
months The personahty of every human being is determined by his 
heredity upbringing education relationships to other persons, disease 
nutrition etc Every one of us is a product of his life experience, his 
biography Nobody can escape his past Living organisms are time- 
bindmg machines, they are products of their histones 
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Heredih m Ditferent Environments All org-vnisms, from simplest 
^^ruses to min, build tlieir bodies, ind those of their offspring from 
miU rials derived from the environment Everv organism can rc- 
oroduec itself from a ccrtiin range of food nnleriils, and under a 
v inet> of environmental conditions An organism that could evist in 
onlv a single environment would not remain alive for long because 
the environment docs not remain the same from one instant to the 
next Even organism, therefore is adapted to live in a certain varict) 
of environments How can tins adaptedness be retained m changing 
env ironments^ 

Let A stand for a self reproducing cntitv— a gene, a vanis, or the 
sum total of the gines which an organism carries (the genotvpe see 
below) Suppose that A builds its replicas in different environments 
01 from different materials (foods) Bj, Bj, Ba etc The process of self- 
reproduction mav then be visualized as follows 

A + B, = 2 1 + Cl 
A -h 1^2 — ~A -b Ca 
4 4- B 3 = 2A + C 3 

Cj, Ca, and C 3 ma> stand for b> -products of the gene reproduction 
or for the non self r( producing cell parts, or for the bodilv forms which 
arc the outcomes of the development of the organism in different en- 
vironments The essentnl pomt of tins scheme is that, so long as the 
environment is capable of maintaining life of i given kind of gene or 
of gene s>stcm the genes reproduce their copies (A becomes 2A), or 
dse they do not reproduce at all In contrast to this, the organisms 
(C) produced in different environments varv 
Genotype and Phenotype The fundamental nature of the distinc- 
tion between A and C in the above scheme was perceived in 1909 bv 
Johannsen (1857-1927) He called the heredity received by an or- 
ganism its genotype, and the appearance of this organism its pheno- 
type The phenotyTie changes continuously so long as the organism 
remains dive A series of photographs, taken at intervals from infancv 
to old age illustrates the changes in the phenotype of a person 
On the other hand the genotype of a person is relatively constant 
It IS presumably much the same during manhood as it was in v outh 
and m childhood and as it will be dunng senescence The nature of 
tins constancy must be clearly understood Although tlie chemistrv 
of the gene reproduction is unknown, it is quite certain that synthesis 
of nuclcoproteins must entail a complex senes of chemical reactions 
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Far from being inert and insulated from the environment, the genes 
are perhaps the most active cell constituents The constancy of the 
genes is, then, singularly dynamic— they interact with the environment 
to transform a part of it into their own copies 

Germplasm and Soma Even before Johannsen, Weismann (1834- 
1914) drew the distinction between the germplasm and the soma The 
germplasm has its seat in the sex cells and the cells of the reproductive 
organs which gi\e rise to the sex cells The soma is the rest of the 
body The germplasm is potentially immortal, indeed, every sex cell 
is able, under favorable conditions, to give rise to a new individual 
with another crop of sex cells The soma is mortal, it is the body which 
houses the sex cells, and which is cast off m every generation owing 
to death 

Weismann’s concepts of germplasm and soma were an important 
landmark in the process of understanding heredity and evolubon But 
they should not be confused with the modem genotype phenotype 
concepts Not all the genes are carried in the reproductive cells, they 
are present as well in every body cell, in other words also m Weis 
mann’s soma 

Norm of Reaction The question whether the genotype or the 
environment is more important in the formation of the phenotype 
or the personality is evidently meaningless (although frequently and 
acrimoniously discussed) The phenotype is the outcome of a process 
of organic development There is no organic development without an 
organism, and no organism without a genotype Equally, every or 
ganism exists in an en\ ironment and at the expense of an environment 
I A.S pointed out above, any organism is the product of its genot>pe 
and of its life experience or biography 

The genotype determines the course which the development may 
take m any environment In other words, the genotype of an individual 
determines the norm of reaction of the individual in all possible 
environments (Figure 41) A newborn infant has a great range of 
possible futures, which of these possibilities are realized and become 
actualities depends upon the succession of the environments gradually 
unfolding during the lifetime The ranges of possibihties are, how- 
ever, different for carriers of different genotypes For example, the 
genotype of an albino causes little or no pigment to form regardless 
of the amount of skin exposure to sunlight The genotypes of most 
“whites” make the skin colors vary withm wide limits dependmg upon 
exposure to sunlight And the genotypes of Negroes make the skin 
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pigment develop rapidlv within n few days after birth, and the shin 
to become dark independent!) of sun exposure 
The norm of reaction of a genotvpc is at best only incomplete!) 
known Complete knowledge of a norm of reaction would require 
placing the earners of a guen genotype in all possible enMronments, 
and obserMng the phenotypes that develop This is a practical im 



Figure 4 1 A remarkable plasttcit> of the phenoljpe m the water crowfoot 
(Ranunculus aqualths) The norm of reaction of this pKnt ii such that the leaves 
submerged in water develop to look verv different from the leaves which are 
above the water level (After Weaver and Clements from Robbins and Weier ) 

possibility The existing variety of environments is immense, and new 
environments are constantly produced Invention of a new drug, a 
new diet, a new type of housing, a new educational system, a new 
j political regime introduces new environments It would be very use- 
Iful to know how various human genotypes would respond to all these 
Environments 

Adaptive and Non adaptive Modifications Our ancestors of only 
a century ago hv ed under conditions radically different from our own 
The environment changes also within the lifetime of an individual, it 
is never the same for two individuals or for one individual on two 
successive days This is true not only for man, but also for any species 
In order to survive an organism must respond to changing environ- 
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menlb in wiys that enable it to secure its livelihood The survival 
depends upon the norm of reaction 

In Chapter 1 (pages lS-14) it lias "been pointed out that many, al- 
though not all, modifications of the phenotype produced by changes 
in the environment are adaptive The organism reacts to many en 
vironmental changes by homeostatic modifications of the dcvelopmen 
tal patterns, which favor the perpetuation of life m the changed 
environments 

However, different genotypes often differ in their ability to produce 
adaptive responses to environmental changes Tlie albinos in man do 
not develop the protective sun tan, and mav suffer dangerous sun 
bums The albino genotype is not well adapted to environments with 
intense sunshine The genotypes of most whites develop the pro 
tective tan if their earners are exposed to sunshine but the pigment 
IS lost after a prolonged lack of sun exposure This last reaction is 
also believed by some authorities to be adaptive, since unpigmented 
skm may facilitate the formation of vitamin D (the “sunshine vita 
mm”) m climates and during seasons when sunshine is scarce The 
genotypes of whites are, then, adaptive in seasonally changeable 
climates, such as those of northern and central Europe It is no 
accident that most human races which inhabit the tropical and sub 
tropical regions have dark skins These are the regions of abundant 
and intense sunshine (see Chapter 13) 

Superior and Inferior Norms of Reaction When earners of a 
genotype are placed in an environment to which their genotype is not 
adapted they react by loss of health or by death Hereditary defects 
and diseases are genotypic variants which react to environments usual 
for the species or race by production of ill adapted phenotypes There 
IS, consequently no hard and fast distinction between "hereditary 
and “non hereditary” diseases Most or all human beings may come 
down with mtasles if exposed as children to an environment contain 
mg the vims of measles On the other hand, only some people develop 
diabetes Accordingly we call measles a non hereditary and diabetes 
a hereditary disease But there may be some persons genotypically 
immune to measles And a person witli hereditary diabetes may enjoy 
good health if he receives injections of proper amounts of insulin at 
TCgwlax Kvtetvak Either genotype ttuiy produce disease in some 
and health m other environments 

We should beware of assuming that some genoty^pes are always 
normal” and others “abnormal,” except m the sense that some are met 
with more and others less often in nature Tlie more frequent geno- 
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t\pes b\ and large, are those which are better fit to siirM\e under 
usual, frequenth met with cn\ironmcntal conditions But it may be 
misleading to sa\ that the earners of a certain iicnot\pc must 
reach certain “intrinsic height or weight, or skin color, or intclhgciiee 
le\el An\ height or weight or intelligence a person ma> ha^e is 
intrinsic, in the sense tint the phenotype obsersed is the nccessars 
outcome of the development brought about b\ a certain genotype in 
a certain succession of environments We can never be sure that anv 
of these traits have reached the maximal development possible with 
a given genotvpe The performance of a genotvpe cannot be tested 
in all possible environments because the latter arc infinitely variable 

Non inheritance of Acquired Characters It is v matter of evtrv 
dav experience that children resemble their parents, the innuence* on 
organisms of nutrition climate and living conditions is also evident 
Putting these facts together popular imagination concluded tint en 
vironmental modifications ol the bodies of parents are transmitted bv 
hereditv to the offspring The belief tint acquired characters art 
inherited was originally not a scientific theorv, it was, and still is, a 
part of the folklore 

Buffon (1707-1788) was one of the precursors of evolutionism, who 
believed that the environment may change the nature of organisms 
( denature them, as ho preferred to put it) He took it for granted 
that the changes induced In the environment m wlnt we would now 
call the phenotype would be inhenled Lamarck (1744-1829) the 
first thorough going evolutionist emphasized particularly the fact tint, 
in animals, extensive use or exercise of organs strengthens them, 
whereas continued disuse weak* ns them For example, muscles he 
come larger and stronger as a result of exercise and aie reduced bv 
prolonged disuse It seemed evident to Lam irck that such acciuired 
changes would be transmittcil to the offspring Darwin (1809-18S2) 
considered natural selection (Chapter 6) the fountainhead of evolu 
tion Nevertheless he accepted the inheritance of acquired modifiea- 
tioTis as an important if subsidiary force a view that w xs shared 
bv most of Darvv in s immediate follow ers For example the Negro 
race was considered “a cliild of the African sun The tanning of the 
skin bv exposure to intense sunlight over manv generations was be- 
lieved to produce a progressive darkening which becomes fixed m the 
heredity of the inhabitants of Africa Similarlv, the absence of eves 
m manv subterranean animals was ascribed to inheritance of the 
effects of long continued disuse of the eyes owing to the life in 
darkness 
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The assumption that acquired characters arc inherited was finally 
challenged by Weismann (whose principal work was published in 
1892) Weismann s famous experiment consisted in cutting o£F the 
tails of newborn mice in a senes of successive generations The tails 
were no shorter in the progeny of experimental mice This expen 
ment seems nther naive at present, but it is only fair to say that 
heritable degeneration of an organ as a result of its amputation in 
the parents is even now an accepted belief among some of the fol 
lowers of Lamarck 

Many experiments were carried out in the closing decade of the 
nineteenth, and the first two decades of the current century, to test the 
hypothesis of inheritance of acquired trails The results of these ex 
periments were overwhelmingly negative Most biologists came to 
the conclusion that the hypothesis must be rejected 

One of the last alleged instances of such inheritance created some 
thing of a stir, because it was espoused by the eminent physiologist 
Pavlov (1849~193e) in Russia and McDougall m Amenca In Me 
Dougalls experiments rats were dropped into a water tank with two 
exits, one lighted and the other dark The rats had to learn to use the 
dark exit, the lighted one being provided wfth a mechanism which 
gave an electric shock to an animal attempting to use it Different 
rats require different numbers of “lessons to be taught It was con 
tended that the offspring of trained rats were taught more easily than 
those of the untramed ones apparently an inheritance of acquired 
training Repetition of these experiments disclosed a more complex 
situation than was originally suspected Among rats there exist strains 
which differ genotypically in their response to training The original 
experiments involved an unconscious selection of rats with norms of 
reaction favorable to training as parents of the next generations 

The Hypothesis of Pangenesis The view that the earth is round 
was not accepted without struggle, because everybody could so easily 
see that the earth is flat Scientific theories gam acceptance with diffi 
culty if they contradict popular beliefs The negative outcome of ex- 
periments on the inheritance of acquired traits filled to convince 
some people Is it possible that the outcome of such experiments 
would be different if the action of the environment inducing the traits 
were continued ten times or a thousand times longer than it actually 
was? Perhaps the most satisfactory answer to such doubts is that thev 
mechanism of heredity revealed by modem genetics makes inheritance J 
of acquired characters highly improbable 

How, indeed can the skin color produced by sun exposure influence 
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the genes in the sev cells which will dcterinuic the shin color of the 
next generition^ An imigimlixc solution of this problem was sug 
gested b> Maupcrtiiis {169S-1759), imde popular b\ one of Dirwms 
bitterest critics, Samuel Butkr, in 1879, and worked out in detail 
b\ the Mlahst Semon (1904) Thc> compared biologic il hortditv 
to memorx The sc\ cells as it were, remember the structure of 
the body which produced them and choose materials from the en 
\ironment which can build a similar bod> The acepiircd characters 
are simph remembered The trouble is tint this ingenious thcorx 
fails to explain anything Ascribing meinorx to sex cells, like nscrib 
ing a Mtal force to the lixing matter mcreh takes for gruited the 
natural phenomena which haxc to be explained 
Darwin, who as we know, also belicxcd in the inheritance of ac 
quired characters, proposed in 1863 his proxisional lupothcsis of 
pangenosis He assumed that all organs of the bod\, perhaps all 
cells, produce diminutixe xestiges of themsehes called gcmmulcs or 
pangenes The gcmmulcs are shed into the blood stream, and are 
transported b> blood to the sex glands, where the gcmmulcs of dif- 
ferent organs are assembled to form sex cells Body cells modified 
by the environment might produce modified gcmmulcs which will re 
produce the modification in the next generation (sec Figure 4 2) 
✓-The hypothesis of pangcncsis had the virtue of being eas\ to test 
Galton m 1873, and other mxestigators later, made experiments of 
blood transfusion or of transplantation of ovaries, between white and 
black varieties of rabbits and of poultry The hypothesis would lead 
us to expect the birth of spotted, black and white, offspring from 
experimental animals This expectation was not fulfilled 
The hypotheses of pangenesis, and of heredity as organic memorv, 
are inxahd The reason why they are discussed at all is that as pointed 
out by Zirkle (1946), variants of these hypotheses are, explicitly or 
implicitly, a necessary part of every belief in the inheritance of ac- 
quired traits The Russian agriculturist Lysenko has gained much 
notoriety owing to the suppression of genetics in the USSR Lysenko 
IS a believer m the inheritance of acquired traits, and apparently un- 
aware of Darwins authorship, he propounds an hypothesis of pan 
genesis as his own invention Similarly he ascribes a power of mem- 
ory to the sex cells 

In reality, the genes do not arise from gcmmules cast off by the 
body cell they reproduce b\ synthesizing their own copies The self- 
reproduction of the genes sets the norm of reaction of the organism in 
different environments 
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Gene ttieory 



Pangeoesis theory 



• Germ ceft O Somatic cell Gemmule 

Figure 4 2 The relationship betw« en th^ germ cells and the body cells according 
to the gene theory and the tbeorv of pangenesis According to the foitnet theory 
the germ Cells (sex cells) arise by division of other cells of tin g<*nn kne “iccord 
itig to the latter theory the germ cells are compounded of particles (gemmules) 
produced by body cells 

Gene Dtstruction and Gene Change Can genes, be changed b> 
the environment? Assuredly they can The problem however is 
what are the consequences of gene change Proteins including mi 
cleoproteins ire easily changed, denatured, b> high temperature, salts 
of heavy metals hydrogen ion concentration, etc These factors un 
doubtedly change the genes also 

To give a crude example when an egg is boiled for breakfast the 
genes contained in its chromosomes are altered so radically that they 
never divide again Tins is, indeed, the most frequent consequence 
of induced gene change fmlure of llie changed structure to perpetu 
ate Itself bv sell-reproductjon But a gene that does not reproduce 
itself IS no longer a gene Conccivablv methods will some day be 
discovered which will permit destruction of specific genes without dis 
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turbing the rest Thus wc could produce n dcficicncs for tlie gene 
white in Drosophili flits (sec pigts 67-68), or rcmo\e tlie genes 
responsible for tlit skin pigmtnt in imn, l>ut it present such mtlliocls 
are unknoss n 

It IS onl\ a special and rare l\pc of gent cliangt tint intircsts 
biologists A gent ma\ bt ilttrcd without losing the abihts to repro- 
duce itself, and the altered struetnre is copied when the reproduction 
occurs Such changes arc gene mutations Mutations give rise to 
sanants, alleles of the gene Indwiduals winch carry a mutant gene 
possess a new norm of reaction to the environment Usually they can 
be recognized b> their external appearance 
History of the Mutation Concept Plant and animal breeders have 
observed from time to tune the appearance of sudden hercditarv 



Figure 13 A sli(»rt legged mutilion in domestic sliccp (left) and an indnidual 
with normal legs (nght) (From Weimer ) 

changes or sports A lamb with short, dachshund like legs was born 
on a Nev\ England farm late in the eighteenth centurv (Figure 4 3) 
This single lamb became the progenitor of tlie Ancon breed of sheep 
v\hich was for a time popular with farmers, but was eventually lost 
Another lamb with similar legs was born from normal parents, m 
Norway some thirtv fi\e years ago In 1853 a girl who had a black 
skin irregularly splotched with white was born to Negro parents with 
uniformly dark skin About half of the children of this girl by a black 
man also had pied skins The girl bom in 1853 v\as heterozygous for 
a dominant mutant gene for white spotting 
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Darwin considered ‘ sports ’ too rare to be of much importance in 
evolution He ascribed more importance to the small, “fluctuating,’ 
inheritable differences which occur between individuals of any species 
Men, even members of the same family, differ in height, shades of 
shin, hair, and eye colors, shape of the head and face, and many other 
traits 

De Vries (1848-1935) took the opposite view, in his Mutation 
Theory (1901) he maintained that evolution proceeds by large, dis 
Crete, and sudden changes, which he called mutations He supported 
his thesis with observations on the evenmg primrose, Oenothera la 
marckiana, which in his garden produced several mutations De 
Vries regarded mutations as new species of plants, and their real 
nature was discovered only much later Some of them represented 
chromosomal aberrations tnploids, fetraploids, or aneuploids Others 
were homozygotes for recessive genes for which the parents were 
heterozygous Only a minority were due to mutational changes in 
the genes which took place in the experimental plantings 

Is Evolution Continuous or Discontinuous? After the publication 
of de Vries s work there was much discussion between Darwinists and 
mutationists Darwinists contended that evolution resulted from grad- 
ual shifts in the characteristics of a species over a long series of 
generations Mutationists thought that evolution consists of rela 
lively rare but drastic mutations At present, we know that this issue 
was a spurious one 

Beginning in 1910, Morgan and his collaborators described many 
mutations in species of vinegar flies, Drosophila Some of the muta 
tions produce striking changes flies with vestigial wings or with no 
wings at all with eyes of bizarre shapes or without eyes, witli yellow 
or with black bodies instead of the normal gray, etc Some mutations 
are so drastic that they kill the organism, such mutations are called 
lethal But many, in fact most mutants produce changes so slight that 
an expert eye is necessary to notice them at all Mutations range all 
the way from minute to drastic changes Evolution is a gradual and 
continuous process, but it results from the summation of many dis 
continuous changes mutations a great majority of which are small 
Mutationism is certainly not opposed but supplementary to Dar 
wmism 

Mutations m Different Organisms Mutations have been observed 
in diverse organisms from man to die simplest viruses When the 
mutants can be crossed to the ancestral form, the mutant traits are 
usually inherited according to Mendels laws Most mutations appear 
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to be cb'inges m single genes Tl\c tnutant alleles are sometimes 
dominant ones, but more often recessive to the ancestral condition 
Some mutations, liowcver, produce changes in the chromosome struc- 
ture, chromosomal aberrations (Chapter 3) 

Contrarj to dc Vries s opinion, mutations do not produce new 
species The mutants of Drosophila are still flies which belong to 
the same species of Drosophila to which their ancestors belonged 
(see, however, the species formation through poUploidv Chapter 9) 
Mutational changes affect all organs of the bod> and all kinds of 
traits Drosophila mutants differ in the color of the bodv, of the eves, 
and of some internal organs in size and shape of the whole bodv, of 
the e\es,wangs bnstks legs tggs, larvae, and pupae (Figures 4 4 and 
45) The viabihtv, length of life fcrtihtv, and behavior of the flics 
ma> be altered Phjsiological and biochemical trails niav he affected 
Because of the work of Beadle and others numerous biochemical 
mutants have recenlU been found in the fungus Neurospora, in v casts, 
and in some bacteria These mutants show a great vanetv of meta 
bolic patterns Tliev require the prostnee m their food of vitamins, 
ammo acids, or other substances, which arc not needed for normal 
growth of the ancestral form or of other mutants The cells of the 
mutants accumulate chemical substances which in the ancestnl forms 
are intermediate products of certain metabolic reaction chains Such 
biochemical mutants ate niv iluable for the stud> of cell phvsiology 
A new branch of science, biochemical genetics, is e\ oI\ ing on the bor- 
derline between genetics and chemical physiologv Apart from its 
intrinsic interest this science promises also valuable technological 
applications 

Lethal mutants cause the death of llicir carriers Death may occur, 
in different lethals, at any stage of the development, from cleavage of 
the fertilized egg to the adult organism Poulson, Hadom, and others 
have studied the causes of death m some lethals in Drosophila, and 
Dunn, Landauer and others in mice poultn, and other animals Some 
of the lethal svndromes resemble certain human heredilarv diseases 
Gene changes by mutation may drastically modify the basic develop- 
mental processes of the organism 

Homeolic Mutants Fundamental, as well as superficial, traits are 
under the control of genes and are subject to mutation Of course 
the distinction between the fundamental and the superficial is, 
to a large extent, arbitrary This is particularlv clear in homcotic 
mutants, which transform some organs into others In at least three 
species of Drosophila mutants arc known which turn the "balancers 
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tures of Drosophila contain no mutants, but an occasional culture in u 
Meld a single fl) with white c\cs, among man\ normal rtd e\etl sibs 
Another culture ma\ contain an indiMclual with a vcliow bod\ or 
with cut wings or with forked bristles etc Some genes imitate more 
frequentl) than others Table 4 1 shows the frequence of mutation of 
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several genes in maize (coin) The gene 8 is rthtiveh mutibk 
wheieas the gene W'x has failed to mutate m a million and i half indt 
viduals studied 

Haldane Morch Penrose Neel and others hue made istimates of 
the frequenev of mutation of human genes which produce certain 
heredilarv diseases One of these diseases is hemophilia (bleeding) 
which IS due to a recessive gene cirned in the \ chioinosome (a sex- 
hnked gent Chaptir 3) \etording to II aid aiu two to thrie out of 
lOOOOO hunnn se\ cell> vv huh cair\ an \-ehromosoiiu eontiin ahtmo 
phiha gene nevvlv arisen b> mntatiuii Then is leisoii to think tint 
the British queen \ letoria had such a mwlv mutated gene vvhieJi she 
transmitted to some of her progenj The dominant gene foi chondro 
dystroph) (dwarfism due to shortness of the arms and legs with he ad 
'ind trunk of normal size) arises by mutation more frequently than 
that for hemophilia The gene for epiloia (tuberous sclerosis) mu 
tales less than once m every 100,000 sex cells 
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to be changes in single genei» The rnut'^nt alleles are sometimes 
dominant ones, but more often recessive to the ancestral condition 
Some mutations, ho\\e\er, produce changes in the chromosome struc- 
ture chromosomal aberrations (Chapter 3) 

Contrary to de Vries s opinion, mutations do not produce new 
species The mutants of Drosophila are still flies which belong to 
the same species of Drosophila to which their ancestors belonged 
(see, however, the species formation through poU'iiloidj, Clnpter 9) 
Mutational changes affect all organs of the body and all kinds of 
traits Drosophila mutants differ in the color of the body of the eyes 
and of some internal organs, m size and shape of the whole body, of 
the eyes, wings, bristles, legs, eggs, larvae, and pupic (Figures 4 4 and 
4 5) The viability, length of life, fcrtilitv, and behavior of the flics 
mav be altered Phvsiological incl biochemical traits mas be affected 
Because of the work of Beadle and otiicrs, numerous biochemical 
mutants have recently been found m the fungus Ncurospora, in v oasts, 
and in some bacteria These mutants show a great variety of meta- 
bolic patterns They require the presence m their food of vitamins 
ammo acids, or other substances, which arc not needed for normal 
growth of the ancestral form or of other mutants The cells of the 
mutants accumulate chemical substances wliieb in the ancestral forms 
are intermediate products of certain metabolic reaction chains Such 
biochemical mutants are invaluable for the studv of coll physiology 
A new branch of science, biochemical genetics, is evolving on the bor- 
derline between genetics and chemical physiology Apart from its 
intrinsic interest, this science promises aho valuable technological 
applications 


Lethal mutants cause the death of their carriers Death mav occur 
in different lethals, at any stage of the development, from cleavage of 
the fertilized egg to the adult organism Poulson, Iladorn, and others 
have studied the causes of death in some lethals m Drosophila, and 
Dunn Landauer, and others in mice poultry, and other animals Some 
of the lethal svndromes resemble certain human hereditary diseases 
Gene changes bv mutation may drastically modify the basic develop 
mental processes of the organism 

Homeotic Mutants Fundamental, as well as superficial, traits are 
un er t e control of genes and are subject to mutation Of course 
the dvstmehon between the fundamental and the superficial is 
o a arge arbitrary This is particularly clear in homeotic 

mutants, which transform some organs into others In at least three 
p cies o rosophila mutants are known which turn the balancers 
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of the fly into ^ stcoml pair of wings (Figure 4 5) The order of flics, 
Diptcra to winch Drosopluh belongs, differs from other insect orders, 
among otlicr things, hv the presence of one pur of wings and one pair 
of balancers Yet the trtrapltm** mutant can be crossed to a normal 
fly, tlie mutant condition is rcccssisc to normal and seems to be pro- 
duced by a change in a single gene 
Otlur homeotic mutants in Drosophila have the antennae of the fly 
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turned into legs, or eyes replaced by antenme, or a third pair of wings 
formed on the prothorTs (where no other living insect has wings, but 
some fossil insect had) or the mouth parts of the fly radically changed 
m structure These and similar mutants are fascinating materials for 
morphological studies Whether they are of much significance in e\o 
lution is a different matter Most evolutionists are of the opinion that 
the development of the living world rarely if eser imoKed mijor 
changes produced by single mutational steps Among recent authors, 
Goldschmidt (1940) howevir, has defended the opposite view To 
him the homeotic mutants illustrate the possible mode of origin of 
novel types of body structure, and, hence, of new families, orders, and 
perhaps classes of organisms 

Frequency of Mutation The surest way to observe mutations m 
any organism is to examine large numbers of individuals Afost cul- 
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hires of Drosophila contain no mutants, but an occasional culture ma> 
Mcld a single flv with white e>es, among many normal red eyed sibs 
Another culture maj contain an individual with a vellow l>od>, or 
with cut wings, or with forhed bristles, <tc Some genes mutatr more 
frccpientlv than others Table 4 1 shows the frequenev of mutation of 
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several genes m maize (coin) The gene R is relatnelv mutahk, 
wheitas the gent has failed to mutate in a million and a half indi 
viduals studied 

Haldane, Morch Penrose Neel and others have made estimates of 
the frequency of mutation of human genes which produce certain 
hendilarv diseases One of these diseases is htmophiha (bleeding) 
whuh IS due to a recessive gene earned in thi \ chromosome (a sex- 
linVid gene Chaptir 3) Aceording to Haldane two to three out of 
lUQ 000 hum ui sex telK w hieli tarry an X chromosome eontam a hemo 
pinhi gent ntwK iristn by mutation Then is reason to think tint 
Iht Ihitish queen Victoria had sudi a newly mutated gtne which she 
transmitted to som< of her progeny The dominant gene for chondro 
dystrophy (dwarfism due to shortness of the arms and legs, with head 
and trunk of normal size) arises bv mutation more frequently than 
that for hemophalia The gene for cpiloia (tuberous sclerosis) mu 
tales less tli m once in every 100,000 sex cells 
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TABLt tl 

Mutations Ouser\ei> in Srxrs Genes in Maize 


Gene 

R (color factor) 

I (color inliibitor) 
Pi (piiri>lc (olor) 

Su (soyarj) 

1 (>cllo\v scc'<h) 

Sh (shriinkeii smls) 
n X (^\a\\ secfls) 


( \ftcr Stadlcr ) 


lluliviciuals 

^lutalions 

Pxfltnmcr] 

Observed 

554, “SO 

279 

2C>,391 

28 

« 17, 102 

7 

1,678,796 

1 

1,745,280 

1 

2 400,285 

8 

1,503,741 

0 


Miitattoiis 
per 1 000 000 
Imfivicliials 

io: 

100 

n 

2 4 
2 2 
1 2 
0 


Mutitions in 'iny single gene may lie rare But since a chromosome 
complement contains thousands or tens of thousands of genes (Chap 
ter 3), man> mutations arise m most species in cver> generation In 
Drosophila mc/rtnogastcr, approximately 2 out of every 1000 X chro- 
mosomes acquire a new lethal mutant gene per generation Mutations 
which produce small changes are doubtless more numerous than 
lethals The frequency of such small mutations is little known, since 
it is hard to notice them all, although they are doubtless more frequent 
than lethals 

Thus It comes about that Timofeeff-Ressovsky (1939) has estimated 
that, m Drosophila luclanogastcr, 2 to 3 per cent of individuals in 
e\try generation carr> one or more newly arisen mutint genes Mul- 
lers estimate for man is even higher Ten to 40 per cent of human sex 
cells in every generation cany a newly ansen mutation The stability 
of the gene as a self reproducing unit is compatible with the produc- 
tion of numerous mutants which serve as raw materials for evolu- 
tionary changes 

Environment and Mutation For more than half a century biologists 
have tried to discover the causes which brmg mutations about, and 
the problem is still far from being solved We do not know how to 
produce a given kind of mutation where and when desired 

Mutations appear as a rule in single individuals so that only one of 
the many sex cells produced by the parents of a mutant carries a gene 
which suffers a given kind of mutational change Mutation in a di- 
ploid cdl affects only one chromosome, although two chromosomes 
of the same kind with more or less similar genes are present in the 
cell This isolated occurrence of mutations is suggestive The imme 
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diate causes, whatever the> ma> be, which mahe the gene mutate arc 
strictly localized within a cell, in the immediate vicinity of the gene 
which undergoes the change It mav be, although this is not proven, 
that mutations occur when the genes reproduce themselves One or 
both copies of a gene formed b\ the self reproduction process mav 
differ from the original in structure 

However that may be, several environmental factors are known 
which speed up the mutation process Muller, who was later awarded 
a Nobel prize for his discovery, announced in 1927 that X ravs are 
mutagenic (mutation inducing) Muller observed many mutations in 
the progeny of X-rayed Drosophila Depending upon the amount of 
Xravs applied, mutations mav be tens and even hundreds of times 
more frequent in the progeny of irradiated flies than m the non irradi- 
ated control flies 

X rays are mutagenic in all animals and plants which have been 
experimented with, and there is every reason to think that thev are 
mutagenic in all organisms, including man The fact that the number 
of mutations induced is proportional to the amount of the rays reacli- 
mg the se\ ccUs is important Xrays are now used extensively m 
medicine, and many people are becoming exposed to tlie radiations 
produced by the release of atomic energy Misuse of X ray«: miy raise 
the specter of uncontrolled increase of the mutability m human popu 
lations a disaster for public health 
Chemical and Biological Mutagens Several strongly mutagenic 
chemical compounds are now known Expenmenting with Drosoph 
ila, Auerbach (1949) found that mustard gas is a powerful mutagen 
It IS one of the war gases (Cl CHo CH>) 2 S When applied in con- 
centrations just short of those which kill the flies, this gas increases the 
mutation rates almost as much as the strongest practicable \ ray 
treatments Several chemicals arc mutagenic when mixed with the 
food on which Drosophila larvae grow and develop Among them 
the effects of formalin and urethane are best ascertained Demerec 
has discovered (1952) that the mutation rates in certain bacteria are 
greatly increased bv treatments with manganous and ferrous com 
pounds Organic peroxides are also mutagenic at least in bacteria 
An environmental factor that may be important as a mutagen under 
natural conditions is high temperature Muller and Timofeeff-Res 
sovsky (1935) found that, in Drosophila mutation rates are doubled 
or trebled with every 10°C rise in temperature Although this is a 
relatively small increase compared with what can be produced by 
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X ray treatments, it may bo important for evolution if the mutation 
rates remain high for many generations 

Doubtless important, and yet little studied, arc the genetic modifiers 
of the mulabihtj- Ives (1950) found that different strains of the 
same species of Drosophila show different mutability in the same en 
vironment In some instances it was possible to show that such dif 
ferently mutable strains differed in a single gene, which did not have 
any visible effects on the flies other than the modification of the mu 
tation rates Tht mutability of a gene depends, therefore, not only 
upon Its own structure but also upon other genes which the organism 
carries The physiological mechanisms which bring about such modifi 
cations of the mutability arc completely unknown 

Spontaneous and Induced Mulaltons When mutants appear in the 
progeny of parents which were not treated with any known mutagens, 
the mutations are said to have arisen sponfenconsli/ Of course, the 
word “spontaneous applied to any natural phenomenon means only 
that the actual causes of this phenomenon are unknown After the 
discovery of the mutagenic effects of \ rays and similar radiations 
a suspicion arose that the spontaneous mutability may be caused by 
cosmic rays and other high energy radiations The amounts of such 
radiations, however, proved sufficient to account for less than one per 
cent of spontaneous mutations 

It IS important to remember that X rays, and all other mutagens so 
far discovered, merely increase the frequency of the same kmds of 
mutations which also anst spontaneously In other words, when we 
apply a mutagen to a culture of Drosophila or of bacteria, the treat 
ment is likely to give in different indivaduals all sorts of mutations in 
all genes instead of definite mutations m genes of our choice Al 
though the discov ery of these mutagens has been a great achievement 
of biological science, we cannot help wishing that means would be 
found to transform genes in desured ways In theory, there is no reason 
why specific transformmg pnnciples could not be found The search 
for them has indeed met with some success 

Cytoplasmic Heredity Apart from the genes earned in the chromo- 
somes, some self-reproducing units exist also in the cy toplasm of some, 
and perhaps of all, cells Examples of such units are the chloroplasts, 
the chlorophyll earners of green plants The chloroplasts anse from 
self leproducmg primordia m the cytoplasm In recent years evidence 
has been accumulating that the cytoplasm of many organisms contams 
plasmagenes, self reproducing structures too small to be seen even 
with the aid of microscopes 
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When a cell duides, the genes in the chromosomes are apportioned 
to the daughter cells by means of the high precision mechanism knoun 
as mitosis (Chapter 3), but there is no mechanism of comparable ac- 
curacy for the division of the plasmagenes A cell usually carries sev- 
eral or many plasmagenes of each kind, and at cell division each 
daughter cell receives roughly half of the plasmagenes present in the 
mother cell 

Sonneborn, Beale (1949), and others have observed remarkable 
transformations in the infusorium Paramecium aurcha When infu- 
soria of this species are injected into rabbits, the blood serum of the 
rabbit comes to contain antibodies which paralyze the infusoria placed 
m a drop of liquid containing this serum Different strains of in 
fusona however, induce formation of different antibodies, so that the 
infusoria can be classified into groups or serotypes. A, B, C, D, etc 
Under standard culture conditions each strain of infusoria breeds true 
as to its serotvpe But the serotype can be changed 
The most potent agenev to induce the change is exposure of the in- 
fusoria to the scrum with antibodies of the proper type The con- 
centration of the scrum must not of course, be strong enough to kill 
the infusoria The simplest wav to explain these changes is to sup- 
pose that the infusoria carry in their cytoplasm plasmagenes of several 
serotypes Howexer, at any one time, one kind of plasmagene out 
numbers the others, and the most frequent kind determines the actual 
serotype to which an infusorium belongs If this plasmagene is sup 
pressed or destroyed by the antibodies in the serum, one of the other 
kinds of plasmagenes multiplies instead, the change in the serotype 
IS the result 

It should be stronglx emphasized that the induced transformations 
do not resemble the inheritance of accjuired characters as imagined by 
the early evolutionists (or by Lvsenko m Russia) An “acquired char- 
acter IS a modification of a part of the bodv such as the darkening of 
the skin under the influence of sunlight To be inherited the modified 
body part must produce some substance that xxould reach the genes 
in the sex cells and cause a specific transformation of those, and only 
those, genes which determine the traits of the same body part m the 
offspring There is not a trace of evidence that such transformations 
occur Moreover, this view tacitlv assumes that there is a one to ont 
correspondence between a gene and an organ or a part of the adult 
body, this, however, is not true Genes determine developmental pat- 
terns of the whole organism in different environments In other words 
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genes determine which traits wiU appear m i given environment, but 
the genes are not determined by the traits which happen to bo realized 
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Elementary Evolutionary Changes 
or Microevolntwn 

Ad'jpledntss and Adaptation Danvin WTOte in 1859 We see 
beautiful adaptations c\cr>\\bere and in tsery part of the organic 
world ’ Indeed, the capacity of life to master even most inhospitable 
environments is remarkable During summer months, margins of per- 
manent snow fields in high mountains mav acquire a pinkish color 
owing to the presence of the alga SphacrcUa nivahs This alga is 
adapted to live and reproduce at temperatures close to freezing In 
contrast to it, some algae inhabit hot springs of Yellowstone Park with 
temperatures up to 85^C (185*F), which are well above the limit of 
toleration for most organisms The emperor penguins inhabit tlic 
Antarctic ice, and breed during the long and bitterly cold winters 
No nests are constructed, the birds incubate the eggs by placing them 
on their feet and covering them by a skin fold which the\ liave on the 
belly Both sexes and all members of a colony compete for the privi- 
lege of incubating the eggs, regardless of whether they are the actual 
parents 

The universal adaptedness of life to its environment is, next to the 
nature of life itself, the greatest problem which biology has to face 
Darwin has attempted to explain ihe process of adaptation as an out 
come of natural selection impinging upon organic variation In our 
present terminology this means that the conservatism of heredity is 
counterbalanced by the dynamism of mutation and sexual reproduc 
tion Some of the genotypes generated by these processes are adap 
tive in certain environments, and are perpetuated by natural selection 
other genotyqjes fail to be perpetuated Some simplest examples of 
evolutionary adaptation are discussed m the following pages 
91 
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Resistance of Bacteria to Bacteriophages Dllerellc (1917) clis 
covered organisms, too small to be seen in ordinary microscopes, which 
were called bacteriophages, or simpl> phages Under electron micro 
scopes phages appear as tiny spheres, with or without a minute ‘'tail” 
(Figure 51) If a suspension of bacteriophages is added to a culture 
of bacteria, the phages penetrate and multiply inside the bacterial 
cells The bacteria break down, and large numbers of phages are 
released, ready to attack new bacteria Phages, then, are parasites 
preying on bacteria Many studies have been carried out on phages 
which attack colon bacteria, Eschenchta colt, which occur in the m 
testinal tract of man and of other animals 

If a culture contains many bacteria, one or several bacterial cells 
may prove resistant to bacteriophage attack If the bactena are kept 
on a solid nutrient medium in a Petri plate, the resistant cells multiply 
and form colonies of bacteria, which arc seen with the naked eye as 
while specks on the surface of the medium (Figure 5 2) From such 
colonies, new cultures of bacteria may be started which are com 
pletely resistant to the phage The resistance is a genotypic trait of 
the bacterial strain which is retained indefinitely when the strain is 
transferred to fresh cultures 

The origin of bacterial strains resistant to bacteriophage attacks has 
been studied by many investigators, among whom Burnet (1929), 
Luna and Delbruck (1943), and Demerec and Fano (1945) are the 
pioneers Two working hypotheses can be considered (1) The re 
sistance arises by spontaneous mutation in any bacterial culture re 
gardless of whether that culture is or is not exposed to the phage 
Suppose that a resistant cell appears about once in ten million to one 
hundred million bacterial cell divisions Cultures wluch contain hun 
dreds of millions of bacteria are therefore, likely to have one or several 
resistant cells In the absence of phages, the resistant cells are simply 
lost among great masses of normal cells When a phage is introduced 
all normal cells fall prey to its attacks, only the few resistant cells sur- 
vive and reproduce, forming the resistant colonies which are easily 
picked out (2) The resistance may, conceivably, be induced in a 
small proportion of the cells by their contact with bacteriophages 
The cells that become resistant survive, and the susceptible ones are 
destroyed 

Accordmg to the first hypothesis, the origin of resistant mutants is 
independent of the phages which act simply as selecting agents a 
sort of sieve which retains only the resistant cells According to the 
second hypothesis exposure to the phage is the cause which trans 
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Figure 5 1 Bacteriopliages vvhich attack colon bacteria Escherichia coU A 
Bacteriophage particles magnified about 29 000 times and in C magnified about 
75000 times B Bittern cells with bactenopbages adhenng to tlieir surface at 
a sutnewh t lower in igiiific itKnt (After Lurn from Curtis and Guflint ) 
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forms some siisceplii)le cells into rcsistint ones A test of the validit) 
of tliLse \vorking hypotheses hns been made by n stitistienl analysis of 
the experimental findings If the second hypothesis ucrc correct a 
bacterial culture xxonld contain no resistant cells until and unless ex 
posed to the plngc The first hypothesis assumes tint resistant mu 
tants appear m the cultures before tbey’ arc exposed to the phage 
Let us, then, taVc sexcral bacterial cultures, each grown from a 



Figure S2 T«o Peln plUcs wilh colonics of colon biclena (Ejcficnc/iia eoU) 
which ha^e -icqutred bj miit'Uion a rcsislance to tl)e attacks of Inclenophagcs 
Tlie number of mut iiUs on the plate on tlit right is obv louslv gre Utr than on that 
on the Ich (Courtesy of Dr M Dcmerec ) 

single or a few cells All cultures are simultaneously exposed to 
phages and the numbers of resistant cells which survive are counted 
According to the second hypothesis, the cultures should contain a cer 
tain mean number of mutants, subject only to the variation due to 
statistical errors of sampling The mathematical theory of probability 
shows that these sampling errors will obey a simple rule, namely, that 
the variance (the sum of squared deviation from the mean, divided 
by the number of observations) will be about as great as the mean it 
self If the first hv'pothesis is correct, the numbers of resistant cells 
in different cultures will be far more variable If the mutation takes 
place early when the growing culture contains few cells the mutant 
cell will multiply and produce a large progeny By the time the bac 
tenophage is introduced m the culture many resistant bacteria may 
be present On the contrary a mutation taking place just before the 
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application of the phage will yield a single resistant cell Statistically, 
the result will be that the variance of the number of resistant bacteria 
will be greater than the mean number of such bacteria in different 
cultures Experiments ha\ e shown that the v anances are indeed much 
greater than the means This is a rigorous proof of the validity of the 
first hypothesis, that of spontaneous mutation 

Ability of Bacteriophages to Attack Bacteria If a phage suspen- 
sion IS applied to a culture of colon bactena, a mutant line of the 
bacteria can be obtained which is resistant to the phage Several 
strains of phages, however, have been discovered which differ in their 
appearance under electron microscopes and in certain physiological 
characteristics Now a line of bacteria resistant to one phage strain 
may be fully susceptible to other phages The resistance in the bac 
teria is specific to the ph ige strain which was applied as the selector 
of the resistant mutant cells 

A lino of bacteria which had become resistant to one phage strain 
may be made resistant also to other phages To do so, the bacteria 
are exposed successively to different phage strains and the resistant 
mutants are isolated Bacteria have been obtained which are re- 
sistant to several phages The simplest explanation of this situation is 
that the colon bactena carry many genes, and that the resistance to 
different phag< strains is due to mutation of different genes Multiple 
resistance is due to occurrence of several mutations 

The selection of resistant mutants adapts bactena to live m environ- 
ments in which phages also occur The plnges meet this situation bv 
a similar adaptive process If a large number of phage particles are 
added to a bacterial culture which is resistant to that particular phage 
a new strain of the phage may be obtained which can prey on these 
bacteria The new phage strain can be maintained on cultures of 
sensitive baettna The bacteria may, however, become resistant to 
the “new phage by another mutation, and the phage may overcome 
that second resistance by still another mutational step 

The changes in the bacteriophages, like those in the bacteria, seem 
explicable on either of the two hypotheses outlined above for bacteria 
(page 94) First mutations which enable phages to attack previously 
resistant bacteria may arise spontaneously in phage cultures, and may 
be selected when resistant bactena are exposed to the mixture of mu- 
tant and original phages Second, the ability of the phage to attack 
resistant bactena may be acquired only through contact with such 
bacteria In 1945 Luna demonstrated that the first hypothesis is cor 
rect Hershey then estunated that the mutations which overcome 
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the resistance of the bacteria occur, on the average, in two to three out 
of every billion phage particles 

Resistance of Bacteria to Antibiotics Discovery of chemothera 
peutic and antibiotic drugs has been a great advance in modern medi 
cine These drugs kill certain disease creating microorganisms, often 
when applied in extremely small doses Tlieir efficacy, however, maj 
be severely reduced by the development of strains of microorganisms 
resistant to the antibiotics Resistant bacteria appear in laboratory 
cultures in which the bacteria arc kept on nutrient media to which a 
certain antibiotic has been added They can be isolated also from 
experimental animals or from human patients who were repeatedly 
treated with a chemotherapeutic or antibiotic drug 

A concentration of the antibiotic streptomycin as low as 25 milli 
grams per liter of the nutrient medium stops the growth of the colon 
bacteria, Escherichia colt However, if several billion bacteria are 
placed on streptomycin containing medium, one or several cells con 
tinue to grow and divide, and form colonies from which strains per 
manently resistant to even very high doses of streptom>cm may be 
established The situation is quite parallel to that described above for 
the development of bacteriophage resistant strains of tJie same bac- 
teria Demerec found that mutahons to streptomycin resistance arise 
in about one out of a billion divisions of the bacterial cells The mu 
tations are not induced b> stTeptom>cin The role of the strepto 
myan is that of a selecting agent, it removes vast numbers of non- 
resistant cells, and permits only mutant cells to survive 

“Training” of Bacteria The development of resistance to penicillin 
m the bacterium Staplujlococcus aureus, studied by Demerec, appears 
at first sight less easy to account for on the basis of the mutabon selec 
tion hypothesis If about one hundred nulhon cells of these bactena 
are placed on a nutrient medium containmg 0 1 of an “Oxford unit of 
penicillin per cubic centimeter (milliliter) of the medium, usually 
less than ten cells survive and reproduce But the progeny of these 
cells survives well on this medium, and a few cells per billion survive 
at concentrations of penicillin up to 0 2 of an Oxford unit per milliliter 
of the medium These relatively resistant survivors can now be ex- 
posed to sbll higher concentrations of penicillin By stepping up the 
concentrations of penicillin five bmes, bacteria are obtained which can 
grow in the presence of as much as 2S0 units of penicillin per milli- 
liter of the medium 

This gradual “trainmg of the bacteria to withstand the presence of 
penicillin comes through summation of several mutabonal steps, each 
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of which taken separatel) confers onlv partial resistance on the bac- 
teria Demerec estimates that these mutations occur spontineouslv at 
a rate of about one per one hundred million bacterial cells (10“®) 
Suppose, then, that four or fi\e sudi mutations must occur to make 
the bacteria completely resistant to penicillin Simultaneous mutation 
of two such genes in the same cell is likely to occur about once in a 
number of cell dn isions expressed b\ a figure with sixteen zeros 
(10^“') Simultaneous mutation of fi\e genes has an utterly negli- 
gible probabilitj of occurrence And jet rigorous selection accumu 
lates such mutations so efficientlv that the experiments on induced 
resist mce are easily reproducible 

Resistant Bacteria in Animal Hosts Hundreds of reports have been 
published in recent years on patients developing drug fast infections 
as a result of treatment with antibiotic and chemotherapeutic dnigs 
It IS now recognized that most infections treated with streptomvem 
must be brought under control b\ sufficient doses of the drug within a 
few days from the beginning of the treatment If the doses of the 
drug used are too small to accomplish this end, the infection is likely 
to become streptomycin resistant, and further treatment with this 
antibiotic is ineffective 

When many people are treated with chemotherapy resistant mu 
tants of pathogenic bacteria acquire so great an ad\ antage o\ er suscep 
tible bacteria that the drugs become effective in fewer and fewer 
patients This is what happened as a result of mass application of 
sulfonamide drugs for treatment of certain venereal diseases The 
proportion of cases of disease which failed to respond to sulfonamide 
treatment has increased An unpremeditated experiment of this kind 
was also made in certain training centers of the Navy during the 
last war An attempt was made to reduce the incidence of diseases 
produced by Streptococcus bacteria by giving to large numbers ot 
men small doses of a sulfonamid drug The result was what any 
competent geneticist could have predicted a sharp increase of infec- 
tions with sulfonamid resistant strains of streptococci 

There has been much discussion as to whether the drug resistant 
bacteria arise in the treated patients, or are always present in bacterial 
populations This is a spurious problem Any mutation has a certain 
probability of occurrence, the application of the antibiotics does not 
influence the rate of ongin of the resistant mutants Nevertheless the 
antibiotics are responsible for the spread of such mutants, gi\ mg them 
an adaptive advantage which they do not possess outside the environ- 
ments in which the drugs are present 
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Reversibility of the Effects of Afutntion und ScJcction Mutant bac 
term resistant to bactenoplnges or to antibiotics are superior to sensi 
tivc bactena in environments in which bacteriophages or antibiotics 
are present Sensitive bactena arc killed off, the resistant ones sur 
vi\e Yet resistant mutants arc not induced by tlie phages or the anti 
biotics, they arise regardless of whether the environmental selecting 
agents favor them or not Why, then, arc most colon bacteria found 
outside of laboratories still susceptible to bacteriophage attacks and 
sensitive to streptomycin? Why have the resistant mutants not 
crowded out the sensitive genotypes? The theory leads us to infer 
that the resistant mutants must in some respects be at a disadvantage 
compared to sensitive bacteria in the absence of phages and anti 
biotics 

This theoretical inference is strikingly verified in some evpenments 
Close to 60 per cent of the streptomycin resistant mutants in colon 
bacteria are also streptomycin dependent, these mutants are unable 
to grow on culture media free of streptomycin A substance which is 
poisonous to normal sensitive bacteria is essential for life of the re 
sistant mutants! E H Anderson has shown that some bacteriophage 
resistant strains of colon bacteria require for growth certain food sub 
stances which are not needed for the growth of sensitiv e bactena Tlie 
resistant mutants will be wipe<l out m environments in which the 
required foods are not available 

Just what puts some mutants at a disadvantage in competition with 
normal types is unknown at present Some streptomycin resistant 
mutants can grow without streptomycin, and some phage resistant 
mutants are not known to possess special food requu'ements It should 
be noted, however, that advantages and disadvantages which are 
easiest to discover are of the all or-nothing type all streptomycin 
sensitne bacteria are killed in the presence of streptomycin and all 
streptomycin dependent bacteria die in the absence of this substance 
But the advantages and the disadvantages may also be quite small 
and yet very effective in the long run Suppose that a mutant grows 
slightly slower than the parental type in a certain environment The 
mutant will then be quite rare and yet it may not be easy to discover 
the nature of the handicap which keeps it rare 

Where the advantages and disadvantages are of the all or-none type, 
the importance of the environment in selecting the best adapted geno 
types can be demonstrated with remarkable clarity Demerec and his 
collaborators showed that the changes from streptomycin sensitivi^ 
to resistance and dependence are reversible A large number of colon 
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bacteria of a streptomycin dependent strain are placed on a Petri phte 
with nutrient medium free of streptomycin Onl\ the mutant cells 
which can grow without streptomycin survive and form colonies of 
streptomycin independent bactena The mutation from streptomycin 
dependence to independence occurs about forty times per one billion 
divisions of the bacterial cells 

Virulence of Pathogenic Microorganisms Disease-producing mi- 
croorganisms often lose their ability to infect their normal hosts after 
prolonged cultivation on artificial media in Hbontories, but the viru 
lence of such degenerate bacteria may sometimes be restored For 
this purpose a large number of the bacteria which lost their vinilence 
are inoculated in a host susceptible to the disease If the bacteria 
are able to multiply in such a host, a new virulent strain may be 
isolated 

Fowl tvphoid, a disease often fatal to chickens, is caused by the 
bacterium Salmonella galhnarum In an evpenment by Gowen, an 
originallv highly virulent strain of these bactena lost its virulence after 
some months of cultivation in the laboratory Inoculation of about 
100 000 bacteria of the vindent strain in a bird results in disease which 
IS fatal to some 70 per cent of the birds, the same dose of avirulent 
bacteria produces no disease A thousand times greater ( 100 000 000 ) 
dose of avirulent bactena results in the death of onlv 34 per cent of 
the chickens The full virulence, however, is restored by inoculating 
about two billion avirulent bacteria into each of several chickens, 
after a week, new cultures of the bacteria are re isolated from the in 
fected birds Such passage of the bacterial strain through living 
hosts was repealed six times New virulent strains of bacteria were 
obtained 

The simplest interpretation of the loss and reacquisition of the 
virulence is that different genotvpes are advantageous in bacteria 
which live as parasites m living hosts, and multiply in laboratory test 
tubes When bacteria grow on laboratory media, mutants are selected 
which enable them to live most successfully in this artificial environ- 
ment, even though the mutants lose the ability to invade a hosts body 
Conversely when laboratory strains of bacteria are inoculated in a 
host s body, the mutants which restore the ability to ov ercome the re- 
sistance of the host acquire a clear survival advantage 

Genetics and Epidemics Mankind has always dreaded the recur 
rent scourge of epidemics Some 25 million people perished from 
black death m Europe m 1347 and 1348, between a quarter and a 



300 


Mtcroevolulion 


third of the populition Outbreaks of infections occur also in wild 
and in domestic animals and plants 

We have seen that mutations in pathogenic microorganisms make 
them more or less vimlcnt, and more or less sensitive to antibiotics 
There exist also genetic variations m the susceptibility to diseases 
among the hosts which the pathogens attack Perhaps the clearest 
example is tlic resistance of vantfics of the common onions to attacks 
by the smudge fungus, Collctotrichum Onion varieties which have 
wlnle bulbs arc easily infected willi the fungus, cream colored or 
yellow bulbs are slightly susceptible, and deeply colored red or purple 
bulbs are resistant Tlie resistance is due to the presence in the scales 
of the colored bulbs of catechol and prolocatcchmc acid, substances 
which can be shown to be poisonous to the spores of the fungus 
Walker and his students have shown that the color of the bulbs, the 
presence in them of catechol and protocatechuic acid (wluch are 
colorless substances), and the resistance or susceptibility are manifes 
tations of the same genes The gene 7, when homozygous (II), makes 
the bulbs white and susceptible to the infection The heferozygotes, 
7i, are yellow and only shglitly susceptible, whereas the homozvgotes, 
11 , are deeply colored and resistant 

There is no doubt that genetic variations in the susceptibility to 
infection occur also among higher animals and among men Gowen 
has described strains of chickens some of which were more resistant 
than others to the fowl typhoid, resulting from infections with Salmo 
nella (see above) Genetic resistance interacts, of course, with the 
immunity to certain diseases acquired by individuals as a result of 
the formation of protective antibodies in their blood The formation 
of protective antibodies may be induced by a previous infection or, 
artificially, by vaccination The genotype determines, as vve know, 
the responses of the organism to the environment The actual resist 
ance or susceptibility of an individual (his phenotype) will depend 
upon his genetic constitution as well as upon his previous contacts with 
the disease 

An epidemic, then, will affect at first those individuals in the host s 
population which are phenotypically and genetically most susceptible 
to the infection An epidemic may start when a strongly virulent 
strain of the pathogen appears The spread of the infection will be 
more and more rapid as the number of its victims increases but the 
point will be reached when a majority of the highly susceptible indi 
viduals will be either dead or recovered from the disease An epi- 
demic grows so long as each victim transmits the infection on the 
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a\enge, to more than one new victim When the frequenc> of the 
transmission drops below one, the epidemic subsides The outcome 
of an epidemic ma> be a genetic change in the composition of the 
populations of both the host and the parasite 
Rust Fungi Attacking Wheat As far as man is concerned, the fore- 
going picture of the genetic background of epidemics is rather hypo 
thetical It IS, howeaer borne out b) obseraations particular!) on the 
diseases of certain crop plants The rust fungus, Piicctma graminis 
tntict, IS responsible for one of the most serious diseases which affect 
wheat plantings Tlus species of rust contains some 200 varieties 
(called “ph>siological races b) the students of these fungi) The 
rust varieties are distinguished from each other by their ability to in 
feet different varieties of wheat Most w'beat varieties are susceptible 
to infection bv some, but resistant to other varieties of the rust 
The spores of the rust ore distributed b) winds and air currents 
Since the degree of infestation of wheat fields by the rusts influences 
the yield of the crop, annual census of the relative frequencies of the 
spores of different rust varieties is made in the United States and in 
other wheat growing countries The incidence of the different rust 
varieties undergoes striking changes with time (Table 5 1 ) 


T\BLE 5 I 


FnEQUENciEs (in Per CESTa OF THE Totvl) of the Spores of the Difffrevt 
Varieties of the Rtr«5T rirsous Puccinta gramints intm is the United States 

(After Stakraan ami Others ) 

VarietA Number 


^ear 11 17 

1930 4 0 J 

1931 22 0 G 

1932 5 1 

1933 2 1 

1934 0 G 0 G 

1935 19 1 5 

193(. 12 4 

1937 8 G 

1938 2 3 

1939 3 10 

1940 4 34 

1941 1 ol 

1942 0 3 27 

1943 0 1 23 

1944 0 21 


21 34 3G 

7 0 6 3G 

4 2 28 

2 0 9 10 

4 7 4 

7 32 SI 

2 18 "^6 

0 8 4 3 

0 G I c 

1 0 8 1 

0 4 0 6 0 8 

0 0 5 2 

0 0 2 

0 0 S o 

0 0 1 0 4 

0 0 0 2 


38 49 5C 

30 20 02 

15 So 1 

40 27 2 

33 37 4 

3 1 33 

5 1 44 

22 1 47 

9 7 5G 

1C 0 9 GG 

24 0 6 50 

10 0 1 44 

0 2 32 

27 4 31 

24 0 S 49 

20 0 2 43 
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The changes in the relative frequencies of the nist varieties are 
Jargcly due to the introduction of new' vflr/ctics of wheat for mass 
planting by the farmers Wheat breeders are constantlj trying to 
create new kinds of wheats resistant to infection b> the rusts They 
arc often successful, to the extent that new wheat genotypes are ob 
tamed by hybridization and selection which are resistant to the rust 
varieties that arc prevalent at the time when the breeding work is 
done Tliesc ntw kinds of wheat arc then multiplied and planted b\ 
many hrmeis At first, the }itlds of wheat are satisfactory But the 
new wheats begin to be attacked by rust varieties which were hitherto 
unknown or rare, and soon the rust infestations become so heaw that 
the wheat yields decline Eventuallj it becomes necessary to use 
another assortment of wlieals for planting 

For example, the outbreak of rust variety 56 m 1934 and thereafter 
(see Table 5 1) seems to be connected with large-scale planting m the 
United States of the wlieat variety called Ceres In 1925 this high 
yielding wheat was planted on a large scale About ten years later 
Ceres was so heavily attacked by rust that its plantings rapidly shrank 
in number This is a genetic and epidemiological experiment con 
ducted on a grand scale Introduction by man of a new host plant 
initiates a process of selection of genotypes m the parasite which can 
invade this host, with the result that the adaptedness of the host geno 
types declines An unstable equilibrium is temporarily restored by a 
genotypic change in the host 

Insect Pests Resistant to Poisons Experiments on adaptation 
through selection of useful mutants have been made chiefly with bac 
tena and other microorganisms because (he experimenter can easrly 
manage huge numbers of individuals and of generations, winch would 
be out of the question with larger creatures Similar adaptive processes 
occur also in higher organisms although usually more slowly Many 
insecticides, poisons which kill insect pests, have been discovered A 
particularly powerful insecticide is dichloro diphenyl trichlorethane, 
popularly known as DDT This substance is highly poisonous to most 
insects m such low concentrations as to deserve being placed among 
the wonder drugs The struggle of man against insect pests has 
nevertheless not ended, owing to the emergence of DDT resistant 
varieties of insects 

The liousefly, Musca domestica, is often controlled by DDT sprays 
Yet Missiroli and Weismann reported independently in 1947 that 
houseflies from certain localities in Italy and in Sweden respectively 
had become relatively resistant to DDT The concentrations of DDT 
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which in previous years were sufficient to destroy most of the house 
flies m these localities no longer were cfFcctne when applied m the 
customary way Since 1947 similar reports have come from Denmark, 
England, Greece, Egypt Peru, Venezuela, Nfcxico, and parts of the 
United States as widely separated as New Jersey, Florida, California, 
and Oregon In many places DDT can no longer be relied upon to 
bring housefly infestations under control 
Strains of houseflies resistant to DDT have been obtained also m 
laboratory experiments Lindquist and Wilson exposed a normal sen- 
sitive strain to a dose of DDT which killed about 90 per cent of the 
individuals, and used the survivors as parents of tlie next generation 
A significant resistance to DDT appeared after three generations of 
such selection 

There is no agreement among dilfercnt investigators about how 
permanent is the resistance once acquired bv a flv strain In some 
instances the resistance has been retained for ten or more genera 
tions without renewed exposures to DDT in others the resistance has 
been alleged to become weaker or lost This situation may be inter 
preted in several ways It is possible that the DDT resistance is due 
to a Single mutation, analogous to that which confers the streptomycin 
resistance on bacteria (page 98) It may also be that the resistance 
IS produced by a combination of several genes which are normallv 
present in most fly populations In cither case a resistant strain 
may actually be a mixture of more or less resistant and of sensitive 
genotypes The average resistance may vary greatly from generation 
to generation, and it may be more or less fixed or changeable in dif 
ferent strains 

Theoretically, we might expect the resistant houseflies to be adap- 
tively inferior to the sensitive ones in the absence of DDT treatments 
Indeed, some investigators have found that resistant flies take more 
time to develop than the normal ones If confirmed, this difference 
may he very significant, since a rapid development may be advan 
tageous to the flies in their normal habitats Other investigators have 
found indications of important physiological differences between sen 
sitive and resistant flies 

The emergence of strains of msect pests resistant to various insecti 
cides has assumed m recent years, the proportions of a major problem 
to those concerned with pest control Resistances to DDT treatments 
have been described in several speaes of mosquitoes in filter flies 
(Psychoda) cockroaches, body lice, bedbugs, and bark beetles 
(Scolytus) Even before the advent of the DDT, strains resistant to 
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fiimigntjon with hydrocyanic gis were known to have dcwlopetl m 
at least three clifTcrcnt species of scale Insects (Coccidae) in the fruit 
orchards of California Similarly, the codling moth {Carpocapsa 
pomonella), the larva of which is responsible for the “uormy" apples, 
has developed m Colorado and m New York State races resistant to 
lead arsenate sprays From South Africa have come reports that ticks 
which infest cattle ntc bcooming resistant to arsenic baths New 
cases of resistance of various pests to insecticides are constantly re 
ported in the literature Gencticaffy onented studies in (his field are 
urgently necessarj’ 

Industrial hfclnnism Perhaps the most striking and longest known 
examples of observed evolutionary changes concern the development 



Figure 5 3 Liglrt coJored and dark varieties of the moths Amphtdasys bettilana 
and Odontoptera btdenlata Hie dark wieties haso greatly Increased in fee 
quencies in some industnil districts of Engkiml and other Eiuopean countries 
(After W Bowatec ) 

of dark, melanic, varieties m several species of moths m the mduslnal 
ixed regions of western Europe particulariy m England Each of 
these moth species has two varieties, one relatively light and the 
other dark (Figure 53) The two varieties differ in a single Men 
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clelian gene, the dirk \intt\ bemg usmlU dommint to the light one 
The light ^a^:etles ire the normir ones, in the sense tint until rt- 
centlv the moths were represented in intiire h\ light indwiduils, the 
dark ones being exception'll or altogether unknown But beginning 
in the middle of the nineteenth centurx the dark xirieties ln\e been 
recorded as occurring more and more often, cspecnll) in the MCinit\ 
of large industrial centers In manx industrial regions the incidence 
of dark xarieties has growai rapidK from decade to decade, some of 
the populations now consist of dark indixiduals witli or without an 
admixture of light ones 

The most satisfactorx interpretation of the spread of the melanic 
varieties has been suggested b> Fonl, who believes that the dark \ i 
nebes are in general more vigorous than tlic light onts In one spe- 
cies, Boannia repandata, he was able to demonstrate the superior vigor 
of the melamc forms ex-penmenlall) Whv , then are the dark v ancties 
crowding out the normal light ones oiilv in industrial regions and not 
everywhere’ Fords answer is that the light varieties compensate for 
the deficient vigor b> being protectiv elv colored In other w ords, thev 
are camouflaged b) matching the coloration of their surroundings and 
escape being detected and eaten bv their enemies, insectivorous birds, 
more often than do the more conspicuous dirk varieties The situa 
tion IS different in industnal regions, where the countnsule is con- 
tammated b> soot and other waste products Here, on darker back- 
grounds, the light varieties are no longer cainouflagcd, whereas the 
dark varieties may more nearlv match the colors of their surround- 
ings Industrialization of a region removes then the disadvantages 
of the dark varieties, which spread and eventuallv supplant the light 
ones 

Deleterious Character of Most Mutations Most mutants which 
arise in any organism are more or less disadvantageous to their pos- 
sessors The classical mutants obtained in Drosophila usually show 
deterioration, breakdown, or disappearance of some organs (Figures 
4 4 and 4 5) Mutants are knowaa which dimmish the quantitv or 
destroy the pigment m the eyes, and in the body reduce the wings, 
eyes, bristles legs Many mutants are, in fact, lethal to thtir possessors 
Mutants which equal the normal flv m vigor are a minonh, and mu- 
tants that would make a major improvement of the normal organiza 
tion in the normal environments are unknowm 

And, yet modern theories of evolution consider the process of mu- 
tation to be the source of the raw materials from which evoluhonarv 
changes may be constructed The deleterious character of most mu 
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tants seems to be n very senoiis difBcuIty A mare careful considera 
tion shows, however, tint the difRcitlty is mucli less formidihle than 
It may appear at first sight 

Are the nititnlions which mahe the colon bactern resistant to bac 
terioplnges or to streptomycin harmful or useful? Is the resistance to 
DDT sprays deleterious or advantageous to the houseflies^ Obviously, 
these questions arc meaningless when the nature of the environments 
in which the mutants arc placetl is not specified On media containing 
bacteriophages or streptomycin, the resistance is necessary to the bac- 
teria, since the earners of the non resistant genotypes are destroyed 
Flies or scales resistant to tlie DDT or to hydrocy anic gas have evident 
advantages in localities sprayed or fumigated with these poisons, but 
the same genotypes arc disadvantageous when phages, antibiotics, and 
insecticides are absent 

Useful hfutations Useful mutations, therefore, are known They 
are in fact not uncommon when organisms arc placed m environ 
ments other than those m winch these organisms usually occur, but 
in environments in which the species normally lives useful mutations 
are not observed A closer consideration will show that this is, indeed, 
as It should be Every kind of mutation that a biologist observes in 
his experiments has a certain probability of occurrence, and it has 
occurred repeatedly in the history of the species The mutations 
which improve the adaptedness of the species to its normal environ 
ments were tried out by natural selection, and have become mcor 
porated into the “normal that is, frequently met with, genotypes The 
normal genotypes are compounded of just such useful mutabons 
Hence the mutations that take place are deleterious 

But when the environment changes, the adaptedness of the organism 
IS disrupted and the harmony between the environment and its in 
habitants can be restored only through a genotypic reconstruction 
Some mutations prove useful in new environments and in combina 
tion with new components of the species genotype The mutant genes 
replace the genes that were normal in the old environment, and 
become the new adaptive “norm Although the old genes may re- 
appear from time to time by mutation, they will now be deletenous 
and will be eliminated This is what happens when colon bacteria 
resistant to streptomycin are kept on media with high streptomycin 
content The mutants which restore the sensitivity to strepomycin 
are destroyed 

The Price of Adaptation Many mutants which are deletenous in 
a certain environment may be useful m altered circumstances It does 
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not follow, however, that everj mutant which occurs in anv species 
must necessarily be useful in some environment, numerous mutants 
in Drosophila and in man produce hereditary diseases which can 
hardl> be useful in anv environment It is difficult to imagine an 
environment which would make hemophilia or the amaurotic idioc> 
useful 

There is nothing surprising in the appearance of such adaptivel} 
worthless mutants A mutation is essentiall) a dislocation taking place 
in the delicate self reproducing mechanism of the gene Random 
changes in an) complex mechanism, such as a watch or an automobile, 
are more likcl> to injure than to improve it and yet watches and auto 
mobiles are changed for the belter, step bv step, in their historical 
development just as the organisms are m their evolutionarv develop 
ment The improvements in non living mechanisms are due to the 
skill of the engineers, those in living beings are established bv natural 
selection perpetuating the useful mutants and gene combinations, and 
failing to perpetuate the useless ones 
But why, it tnav be asked should useless mutations be produced at 
all^ It would be vastly better if the organisms produced only useful 
mutations where and vvlien needed A little thought will show how 
naive such a question really is The normal colon bacteria product 
bacteriophage resistant and streptomycin resistant mutants, a great 
majority of which art lost, because they are useless m the absence of 
phages and of streptomycin In order to produce only phage re- 
sistance m the cultures to which phages arc applied, only streptoinv 
cm resistance in the cultures which are brought in contact with strep 
tomycin and neither mutant in cultures which remain in normal en 
vironments, bacteria would have to possess a prescience of the future 
When the phages attack it is too late the non resistant bacteria perish 
All kinds of mutants are produced regardless of whether any of them 
will prove useful A living species that would suppress the mutation 
process, by making the gene reproduction absolutely accurate, might 
gain a temporary advantage In a static environment such a non 
mutable species would not beget the useless and harmful mutants 
but when the environment changed and made some of the mutants 
better fit than the old norm to survive, a non mutable species would 
be the loser In the long run, mutability is a useful trait, even though 
most mutants are harmful m any one environment Herein lav the 
fundamental error of the belief in the inheritance of acquired traits 
it assumed that the genes are made to mutate in a determined direc 
tion bv every change in the develoivment of the body 
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Siiggeslions for Furlhcr Kcatling 

Dimin CIi 1859 On the OHgIn of Species by Means of Natural Selection 
Tins IS one <>f tlie grtilcsl books of nil lltm nnd on iitjiiiinhncc with It i< a 
must for tstry stiiihnt of cxoliition Tlitrc ure nnmtrmis editions of this work 
Tilt first (dition ( 1859) Ins rcctnlly Ikoii rtpnnttd bv llit Philosophical Library 
New \ork, with a foreword by C D Dirtington (1931) 

Catclieside, D C 1051 Tltc Ccnellcs of Mlcroorgatihms Pifnnn, New ^orl 
Brum W 1953 Hacterial Genitlci Saunders riiilidelphia 

The bonks of Catcluside and of Driiin rcs'fcw tlit tspenments on the genetics 
of microorg inisms 

Diinn, L C (Lditor) 1951 Genetics tn the Ttieiihclh Century MicniiUan 
New \ork 

Tins is a $)nip(>Mnm litld in 1050 to comnicmorutc the fiftieth annjxcrsity of 
the. rediscovery of Mendels work and of the birth of genetics Scvtnl pipers in 
this symposiinn ire pertinent to the topics discussed in the present chapter, espe 
cnllj Geneite ittullcs in bacteria b> J Letlerberg Genttics and tlucase resistance 
bv J \V Gowen, Ge«ef/ci and plant pathology bj J C Walker 
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It IS •x commonplace observation that e\ery living being is so con 
structed that it is able to live in a certain environment (Figure 6 1) 
A fish IS adapted to live in water, a bird is an efficient fl>ing macliine, 
a cow and a deer have digestive organs which enable them to feed on 
herbage and toliage, tlie human mind permits man to acquire and 
transmit culture The origin of this apparent purposefulness of bio 
logical organization is a riddle which several generations of biologists 
have attempted to solve Some have taken the easy way out by sup- 
posing that every living species is endowed by the Creator with those 
features which it needs m order to live in the habitats in which it is 
actually found This is, however, a spurious solution, it implicitly 
blames the Creator also for all the imperfections and all the sufferings 
found in hum m and biological nature 

So far the only scientifically tenable solution of the riddle was pro 
posed by Darwin in 1859 According to Darwm, organisms become 
adapted to the environment in the process of evolution, this process is 
controlled by natural selection of genetic variants which are relatively 
better fitted than others to survive and to reproduce in certain environ- 
ments The theory accepted by a majority of modern evolutionists is 
clearly derived from Darwins theory, however, it is just as clearly not 
identical with the Darwinian prototy'pe The changes in the theory 
are due to the mass of new evidence discovered by biologists since 
1859 The modern theories are often referred to as neo-Darwimsm 
which would be a good name if it were not for the fact that it was 
applied also to the theories developed by Weismann and others around 
1900, and they are as different from the modern ones as they were 
from Darwm s Synthetic theory and biological theory of evolution 
]09 
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Figure 6 1 Different kinds of lurds sue adapted to different foods, different 
types of coiinto iind different nays of life The figure sliows examples of this 
adiptne ndiition in modtni birds ti^ether uith the primitive and possibly 
ancestral form Archaeopteryx Hhich » known onl> as a fossil (From Colbert ) 
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are better names, because the\ emphasize that modern theories are a 
result of s>nthesis of the findings of man> biological disciplmes- 
genetics, s>stematics, comparative morphologv, paleontologv, embry- 
ology, ecology, etc 

History of the Idea of Natural Selection Some historians believe 
that a germ of the theorv of natural selection is as old as the my'ths 
of the Greek philosopher Empedocles (fifth centurv cc) and the 
Roman poet Lucretius (first centurv bc ) According to these mvlhs, 
parts of human bodies, heads, trunks, arms, and legs appeared m the 
world before complete human beings These isolated parts proceeded 
to combine at random gi\ mg rise to many m\ i ible combinations which 
were lost, and to complete human bodies which survived and repro- 
duced their likes 

According to Darwin himself, the idea of natural selection was 
suggested to hvm b\ the Essay on the Principles of Pofudation, pub- 
lished m 1798 by the English country parson and amateur sociologist 
and mathematician T R Mallhus Nfalthus pointed out that human 
populations tend to increase in numbers in geometric progression, that 
growing populations sooner or later outrun their food supply, that 
more children are born than live to maturity, because of the struggle 
for existence , hunger war, and disease keep the population numbers 
in check Darwin saw that this is obviously true for any living species 
from a microbe to the elephant Indeed an ovster produces up to 
114000000 eggs m a single spiwning under favorable conditions, 
some bacteria can double in number m less than half an hour Higher 
animals, mammals and birds, produce only few young, but on the aver- 
age alwavs more than two per pair of p-irents Given enough time, 
the number of individuals of anv species could become too large for 
the earth to support them 

In reality the populations of most species oscillate within rather 
narrow limits and only rarely do some populations grow as fast as 
their reproductive powers might permit The stniggle for existence 
causes a part, and often a verv large part of the progenv to die before 
reaching sevual maturity Living beings “fight against the physical 
environment— excessive cold, heat dryness, wind, etc They are de- 
stroyed by predators parasites and diseases And tliey compete 
with individuals of their own and other species for food, for shelter 
and for mates 

Darwin saw further tlie relation between the Malthusian struggle 
for evistence and the fact that agriculturists have since time immemo 
rial improved the qualitv of domestic animals and plants by selecting 
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for reproduction those individuals which possessed the qiiahlies which 
were useful or desirable to the breeders Now, the survwors m the 
struggle for existence arc hkclj to differ in their genotype from the 
victims which succumb in this struggle Provided that the survivors 
differ in heredity from tliosc who do not survive, the struggle for 
existence will automalic'illy result in natural selection of the Btter 
genotypes The hereditary endowment of the succeeding generations 
will differ from that of the preceding generations in the direction of 
superior fitness 

Competition and Cooperation The logic of Darwin’s reasoning was 
unassailable Nevertheless, lie and his theories were attacked by those 
who believed that the recognition of man as a part of nature is sub 
versive to religion and insulting to human dignity In the ensuing 
polemics some unfortunate overstatements were made Herbert 
Spencer said that the struggle for existence led to the survival of the 
fittest " The use of the superlative gave a subtle overemphasis to the 
supposed struggle and competition— as though only one fittest survived 
and all the rest died Spencers statement sounded very much like 
the concept of Superman, advanced by the German philosopher 
Nietzsche, which in turn played a role in the development of racist 
and Nazi ideas 

Phrases such as "struggle for existence” 'nature red m tooth and 
claw,” eat or be eaten” were very freely used, especially bv popular 
writers on evolution, in the late nineteenth and early twentieth cen 
tunes This phraseology seemed to appeal to the emotions of many 
people of those days With the development of genetics and with a 
change of the intellectual cl mate during the current century, it began 
to be realized that the fierceness of the stniggle for existence leading 
to natural selection was greatly exaggerated It is simply the fit, rather 
than the fittest,’ who survive 

Evolutionary success is determined by the abihty of the carriers of 
a given genotype to transmit their genes to the greatest possible num- 
ber of individuals in the following generations “Struggle, “competi 
tion, and like expressions have a metaphorical meaning when applied 
to the process of natural selection which should not be confused with 
their usage when applied to human affairs Thus trees "struggle” 
agamst the danger of being felled by wuid by dev eloping stronger root 
systems, mammals and birds struggle against cold by developing 
heat insulation, temperature regulation or by remaining dormant dur- 
ing winter months, desert plants “struggle” against dryness by having 
leaves transformed into spines Plants and animals “compete for food 
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when food is scarce, hut they do not necessarily fight against one an 
other 

Among the earlv critics of Darwin, the English writer, Samuel 
Butler, and particularly the Russian political philosopher, Kropotkin, 
sought to replace Darwins theory of struggh by one which made 
cooperation and mutual help the principal agents of esolution Re 
cently this idea was developed further ind modernized b\ Alice and 
by Ashley Montagu As a corrective against the abuse of Darwinism 
b> political propagandists this emphasis on the importance of co- 
oper itiven^ss in natural selection is very useful Indeed, pugnacitv 
and aggressiveness are often less conducive to biological success than 
IS inclination to live and let live and to cooperate with other mdi 
viduals of the same and of other specit s The fact is that both com- 
petition and cooperation arc observed in nature Natural selection is 
neither egotistic nor altruistic It is rather, opportunistic life is pro 
moted now b) struggle and now by mutual help Thus parental care 
and defense of the offspring arc obviously advantageous for the sur 
viv il of the species and vet members of an established colonv of a 
certain species of ant in Australia destroy the daughter colonies as 
soon as the latter appear on tlic surface of the ground m tin vicinity 
of the parental nest 

Johannsen and Pure Lines Less spectacular but more important 
than the misunderstanding of the relative importance of competition 
and cooperation in natural selection was another difficulty of Darwins 
theory As pointed out above, Darwin realized quite ckarly that 
natural selection will produce permanent improvements only provided 
that the surviving “fit differ m genotype from the eliminated unfit’ 
If the individuals which breed and those which are prevented fiom 
breedmg ate ahVe m genetic endowment their progenies should he 
alike and selection should be ineffective This matter was clarified 
long after Darwins death bv the Danish botanist Johannsen (1857- 
1927) 

Johannsen (1909) started his expenments with garden beans b\ 
choosing seeds of different sizes and weights from a commercial va- 
riety and keeping the progenies of the plants grown from each seed 
separately (Figure 6 2) The garden bean is a plant species which, 
like Mendel s pea reproduces mostly by self pollination Progenies 
obtained from a single mdividual of such species by self fertilization 
are calif d pure lines, and individuals which belong to the same pure 
hne usually have similar genoty^pes The pure lines obtained by 
Johannsen from larger beans pr^uced, on the aver ige, larger seeds 
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tlnn d:cl the pure lines bred from smiUcr bcins, when planted under 
similar environmental conditions This amounts to saying that the 
original variety contained a \aricty of genotypes Next, Johannsen 


A mixed population of a 
commercial variety* of beans. 





The oflspnng of small beans Is on 
the average of the same size as the 
offspring of large beans In the pure 
fines selection is Ineffecbye 

Figure 6 2 Tlic main results of Johannsen s exptnmtnts on pure lines m beins 
Tlie commercnlly planted varieties of beans are mixtures of lines with different 
genotypes From such a variety genetically different pure lines with Lirger or 
smaller seeds can be isolated Ivy selection But the offspnng of large or small 
beans from any one pure line are similar 

selected the largest and the smallest seeds within each of his pure 
lines ^Vllen planted under similar conditions, the offspring of the 
large and the small beans had the same axerage size This experiment 
proved that selection is ineffectixe within a pure line The differences 
in size between seeds produced by plants of the same pure line are 
not genotypic, they are acquired because of the unavoidable minor 
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variations m the en\ ironmental conditions under which the plants 
grow, they are within the norm of reaction of the genotype of the 
pure lines 

Johannsens work was confirmed hy other in\estigators working 
with pure lines and with clones Pi. clone is the offspring of a singh 
individual obtained h> asexual means such as simple fission and hud 
ding Clones can be easil> obtained m most microorganisms and in 
some plants and animals which can reproduce asexually Selection is 
ineffective in a clone (unless mutation intervenes see below) 

In effect, the work of Johannsen provcti onlv tint acquired char- 
acters are not inherited (see Chapter 4) Indeed, phenotvpic differ- 
ences between genot>picall> uniform individuals are acquired through 
environmental modification but in the 1910s these results were inter- 
preted as a blow to Darwin s th( or> of natural selection Tor Johann 
sen found that selection vvas effective only in the original material 
which was a mixture of several gcnotypicall> different pure lines 
Selection, then has done nothing creative , it has merely isolitcd 
some of the gonotvpes winch were alreadv present m the original mix- 
ture In the absence of pro existent genotypic differences, selection is 
powerless to effect evolutionary changes 
The modern solution of the foregoing difficulty is simph enough 
Selection operates wath genetic raw materials supplied by mutation 
and sexual reproduction Mutation and sex produce an abundanec of 
genetic varirbility, interacting with which sclcetion becomes a creative 
process (sec Chapter 11) But biforc this solution could be reached, 
another and apparently even more formidable, difficulty of the Dar- 
winian theory had to be removed 

Gene Frequency and Gene Pool According to the blood theorv 
of heredity, which was quite gencrallv accepted in Darwin’s day, the 
heredity of a child is a solution, or an allov, of the heredities of the 
parents Consider then, what happens in a population which contains 
genotypes that produce, in a certain environment, individuals of a 
middle stature genotypes which produce tall and short people and 
a few genotypes which produce giants and dwarfs In the genetic 
sense a population a A/cndclian popitlctfion is a community of sexu- 
alK reproducing individuals among whom marriages are concluded 
Suppose furthermore that out hlendchan popul ition is panmtette 
with respect to stiture in other words, that the likelihood of an indi- 
viduals marrying a partner of anv stature is proportional to the rela 
tiv( frequencies of these statures m the population It is easy to sec 
that in such a panmictic population individuals who are taller than 
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the average will often miiTV partners who are shorter tlian themselves, 
whereas persons who are shorter than the average will usuallv marr> 
mates who are taller than thev are 

If the blood theor> of hereditv were true, the liertdih of children 
would be a compromise between the hcrediliLS of their parents A 
panmictic population would then become less and less varnble m 
stature and in other characters as one generation followed the other 
In other words, a scuial panmictic population would become more 
and more uniform, and eventually it could reach the point where all 
individuals composing the population would be uniform in hcreditar> 
endowment Such a geneticall> homogeneous population could be 
called a pure race 

Darwin realized that a necessary consequence of the acceptance of 
the blood theory of heredity was the belief that sevual reproduction 
tended to level off anv genetic variability that might be present in a 
sexual population And yet, if evolution is to occur, populations must 
always possess a supply of hereditarj variability Darwin admitted 
that the contradiction was insoluble in his time At present it is 
known that the contradiction was spurious because, as shown so 
clearly bv Mendel liereditv is transmitted bv genes rather than bv 
blood The problem was solved m 190S, independent!) bv Hardy m 
England and b> Weinberg in Germany 
Suppose that a sexually reproducing population lives isolated from 
other populations of the same species, for example on an oceanic 
island Suppose, furthermore that the population consists of indi 
viduals homozygous for a gene AA, and of individuals homozygous 
for (Id Let the proportion of AA individuals in the population be 
represented by a fraction q, and the proportion of aa bv (1 — q) If 
the population is panmictic with respect to this gene, there will be q- 
matings AA X AA, which will produce AA children, (1 — matings 
oa X oa, which will give aa children and 2<7(1 — q) matings AA X aa, 
which will give heterozygous, Aa, progeny 

Instead of considering the genotypes of the parents who mate it is 
more convenient to consider the sex cells which thev produce Sup- 
pose then that all individual members of a sexual population are 
equally fertile and contribute equal numbers of sex cells or gametes 
to the ‘gene pooT of the population If the population is panmictic 
these sex cells unite at random so that A and a eggs are fertilized by 
A and a sperms in proportion to llitir frequency in the gene pool Let 
the fraction of the sex cells which carry A be q, and the fraction of 
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sex cells a m the gene pool be (1 — g) The progeny, consequent!), 
Will be 

Errs 



qA 

(1 - q)a 

■a! 

q-U 

gfl - g)Aa 




i f 

(I ~ ?)? Aa 

(1 — (ji) aa 





In other words, there will be respectively q® and (1 — 7 )^ of 
homozygous AA and aa ind 2q(l — q) of the heterozygotes Aa The 
important problem is what the distribution of the genotypes ^vIll be 
in the next generation Let us again consider the composition of the 
gene pool The homozygoles AA ind aa produce only A and a 
gametes whereas tlie heterozygoles Aa produce equal numbers of A 
and a sex cells The total frequencies of tlie A and a gametes in the 
gene pool will accordingly be 

A = ij‘ + q(l-ii)=(^ + q-,i‘ = q 
a = gO - q) + (1 - = q - ir‘ + l - Sq + ^ = 1 - q 

The frequencies of the genes A and a in the gene pool will thus re 
mam constant at the levels q and (1 — q), and the distribution of the 
genotypes among the zygotes 10 the population will be 

^AA 29(1 — q)Aa (1 — <j')*aa 

This IS the HardyAVeinberg formula, which describes the equilibrium 
condition in a sexually reproducing population and is the corner 
stone of modern population genetics The gene frequencies, q and 
(1 — q), remain constant in sexually reproducing populations Con 
sider again the example of a human population consisting of persons 
different in stature Some people are tall and others short, owing to 
the presence in the population of genes affecting the stature Each 
of these genes, which may be called A and a B and h etc has a cer 
tain frequency in the gene pool In the absence of any of the factors 
changing the gene frequencies described below, the population will 
always have some tall, average, and short persons, as well ak some 
giants and dwarfs 

Factors Which Change Gene Frequencies The Hardy-Weinberg 
tlieorem describes the stabes of a Mendelian population If all gene 



Adaptive Value 119 

frequencies m all populations remained constant e\olution would not 
take place E\olution may be defined m a most general way as a 
change in gene frcqticnctcs In reality, agents are known which may 
alter the gene frequencies in populations The dynamic forces are as 
follows 

(1) Mutation If the allele A changes into a, or vice versa, the fre- 
quencies q and ( 1 — q ) may be come altered 

(2) Selection The Hardy Weinberg theorem assumed that the 
earners of all genotypes contribute equally to the gene pool of the 
following gtneration This is not necessarily the case Some geno- 
types may be more fecund than others, or they may have different 
viabilities different longevities some may be sevuallv more active than 
others, etc Most differences of this kind cause variations in the adap- 
tite values of carriers of genotypes and may bring about changes in 
gene frequencies 

(3) Migration lUlatively more earners of the gene A than of a 
may emigrate from or immigrate into a population 

(4) Genetic Drift The assumption implicit in the Hardy Weinberg 
theorem is that the population consists of so many individuals that 
chance variations in gene frequencies arc negligible Strictly speak- 
ing this condition could obtain only m ideal, infinitelv large popula 
tions In reilitv all populations are finite, and some populations are 
small 

In deriving the Hardy Weinberg formula it was assumed that the 
populations are paiimictic For some natural populations this assump 
tion does not hold true For example, many higher plants and some 
hermaphroditic animals reproduce by self-fertilization In wheats, 
Oats, beans, peas and some other crop plants the ovules are fertilized 
mostly by pollen from the same flower Inbreeding mating of dost 
relatives and self fertilization lead to increased frequencies of homo 
zygotts and decreased frequencies of heterozygotes compared to 
panmictic populations Gene frequencies are not usually altered by 
deviations from panmixia 

Adaptive Value, Darwinian Fitness, and Selection Coefficient The 
tamers of some hereditary endowments are more viable and reach 
the r« productive age more often than do carriers of other genotypes 
Representatives of different genolvpes vary also in fecundity (num 
hers of young born or of eggs or seeds produced), in sexual activity, 
in the duration of the reproductive period and in other properties 
which favor the reproductive success of the organism The viability 
and the reproductive success determine the contribution which the 
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sex ceVs a jn the gene pool be (1 — q) The progenj, consequenfJ), 
will be 


qA (1 - q)a 


E 

,•11 

9(1 ~ q)Aa 




1 

(1 — q)q Aa 

(1 — qTaa 


In other words, there will be respectively 'ind (1 — </)* of 
homozygous AA ind aa, and 2q(l — q) of the heteroz) gotes Aa The 
important problem is what the distnlnition of the genotypes will be 
in the next generation Let us again consider the composition of the 
gene pool The homozygotes AA and aa produce onlv A and a 
gametes, whereas the hetorozygotes Aa produce equal numbers of A 
and a sex cells The total frequenaes of the A and a gametes m the 
gene pool will accordingly be 

^ = + ? 

“ = ?(1 - ?) + (1 - 17)* = 9 - if + 1 - -? + 9 ° = 1 - ! 

The frequencies of the genes A and a in the gene pool will thus re 
main constant at the leiels q and (1 — q), and the distribution of the 
genotypes among the zygotes in the population will be 

q^AA 27(1 “ q)Aa (1 — q)^aa 

This IS the Hardy Weinberg formula, which describes the equilibrium 
condition in a sexually reproducing population and is the corner- 
stone of modem population genetics The gene frequencies, q and 
(1 — q), remain constant in sexually reproducing populations Con 
sider again the example of a human population consisting of persons 
different in stature Some people are tall and others short, owing to 
the presence in the population of genes affecting the stature Each 
of these genes, which may be called A and a, B and b etc has a cer 
lam frequency in the gene pool In the absence of any of the factors 
changing the gene frequencies described below, the population will 
always have some tall, average, and short persons as well afe some 
giants and dwarfs 

Factors Which Change Gene Frequencies The Hardy Weinberg 
theorem describes the statics of a Mendelian population If all gene 
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hstinuitwn of the Speed of Selection 
1 VBLE 6 I 

The PnoGREss oi Sleection a IlECI‘^sI\E Genf 

(llie table shows the frequenej in the gene pool of a human population of the 
gene for taste blindness (0 expected if all taste blind persons are presented 
from reproduction m scxcral generations ) 


Genera- 
tions of 

Gene 

Genera- 
tions of 

Gene 

Selection 

I rcqnencv 

Selection 

Freqiiencv 

Initial 

0 do 

10 

0 08^ 

1 

0 35 

15 

0 0)0 

2 

0 26 

20 

0 046 

3 

0 21 

30 

0 021) 

4 

0 17 

40 

0 02i 

5 

0 15 

50 

0 010 

6 

0 13 

100 

0 010 

7 

0 11 

500 

0 002 

8 

n 10 

1000 

0 001 

0 

0 09 




portant conclusion to be gleaned from Table 6 1 is that selection 
aglinst a recessi\e gene Js less cfFectuc the rarer tint gene is in the 
population Txso generations of selection suffice to reduce the fre- 
quency of the gene t from the original 0 55 to less tlnn half of the 
original— 0 26 but four generations art needed to cause nnother h^h 
ing of the gene frequency, to 0 13 Stirling \^ ifh a frequenej of 0 010, 
we need 400 generations to depress the frequency down to 0 002 
This shows the immense difficulty which would be encountered bv 
selection agunst rare recessive defects or diseases in man, coiitem 
plated by some eugenical programs Taking into consideration tint the 
length of a human gener'ition is at present some 25 years such cugeni- 
cal measures would have very little clFect m a predictable future 
In the example just considered, tho selection was supposed to be 
absolutelv thorough (s = 1 0) With less intense selection, when only 
a part of the recessives is debarred from reproduction (s less tlnn 1 0), 
the progress would be slower still And yet no matter how small the 
selection mav be it will, given enough time, change the gene fre- 
quencies m the direction favored by the environment or bv the breeder 
This IS important to know because one of the objt ctions made igainst 
Darwins theory of selection was that selection in nature will have no 
effect since most variable traits of organisms art neither very useful 
nor very harmful to their possessors In reality even small genetic ad 
vantages and disadvantages mav be important in evolution 
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earners of a genotype make to the gene pool of the next generation 
of the spccjcs or of a x^opulation Tins conlnbution is a mtisure of 
the adapfice value, or Danvlnlnn fitness, of the genotype Thtis, if a 
genotype produces, on the axerage, 100 surviving offspring where an 
other genotype produces 90 ofTspring, the adaptive value of the former 
IS 1 00 and of the latter 090 It is also said that the second genotype 
IS opposed by a selection coefficient of 5 = 0 10 

An Example of Estimation of the Speed of Selection Haldane, 
Fisher, Wright, and other investigators liavc analyzed mathematically 
the changes which occur in populations under the influence of various 
fonns of selection It will be stiflicient here to consider a single ex 
ample About 70 per cent of the American white population feel a 
bitter taste in certain solutions of tlie PTC substance whereas about 
30 per cent arc non tasters The non tasters are homozygous for a 
recessive gene t, the tasters are cither homozygous or heterozygous 
for the dominant T (TT or Tt, cf Chapter 2, page 30) Since people 
do not usually know whether they are tasters or non tasters of PTC, 
the population may be assumed to be panmictic with respect to this 
trait According to the HardyAVeinbcrg formula, the frequencies of 
the tasters and non tasters should be q^TT 2q{\ — q)Tt (1 — 
q)Ht Since the non tasters, tt constitute 03 (30 per cent) of the 
population the frequency of the gene t in the gene pool should be 
(1 — q) = VO 3 = 0 548 The frequency of the gene T in the gene 
pool is, then q = 1 — 0548 = 0452 The frequencies of the three 
genotypes will then, be 

q^TT = 0 204 27(1 - q)Tt = 0 495, (1 - q)Ht = 0 300 

Assume now that all non tasters. It, are removed from the popula 
tion or are prevented from reproduction The genotype ft will, then 
have an adaptive value zero, and will be opposed by a selection of 
s = 1 00 What will be the frequency of tasters in the next genera 
tion? The homozygous tasters will contribute only T sex cells to the 
gene pool of the next generation, whereas the heterozygous tasters 
will produce equal numbers of T and t gametes The gene frequen- 
cies m the next generation will be 0 65 of T (0 204 -f- 0 247 = 0451 
or 65 per cent of the total) and 035 of f (0 247, or 35 per cent of the 
total) 

Supposing that the tasters of PTC are prevented from reproduction 
generation after generation, the frequency of the t gene m the gene 
pool of the population will decrease as shown in Table 61 An im- 
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not change the organism from without, as some theorists of the past 
believed The environment furnishes the challenge, to which a living 
species may respond b> adaptive transformations of its gene pool 
Whether the species does or docs not respond to the challenge de- 
pends on the presence m the gene pool of the proper raw materials, 
mutant genes and gene combinations Tims a culture of colon bac- 
teria exposed to a bacteriophage produces a bacterioplnge-resistant 
strain only if it happens to contain resistant cells previously arisen by 
mutation No strains of colon bacteria capable of growing at a tern 
perature of 80 to 85°C have been found, and this species apparently 
does not produce mutants which could resist such temperatures 
Nevertheless algae which live at such temperatures are known in the 
hot springs of Yellowstone Park 

Natural Selection and Self reproduction Natural selection is urn 
versal in the living world It is implicit in the process of living The 
origin of life on earth meant the appearance of self-reproducing units 
which tended to transform the susceptible materials (food) m the 
environment into their own copies However, the process of self- 
reproduction IS not absolutely perfect, and deviating mutant, copies 
appear from time to time If the mutants reproduce themselves less 
efficiently thin the ancestral units, they are eliminated If the mutants 
are more efficient, thev crowd out the ancestral form Finally, if the 
mutants can maintain themselves m an environment unsuitable to 
the ancestor (that is, can subsist on a new food), the ancestral form 
and the mutant may continue to exist side by side Thus life is 
diversified 

Self reproduction brings in its train natural selection, and the two 
together result in evolutionary progress Self reproduction therefore 
may reasonably be regarded the fundamental property of life (Chap 
ter 1) 

Selection m Asexual and Self fertilizing Organisms It will be 
shovvTi in Chapter 7 that pure races do not exist and never have 
existed m man or in other organisms which reproduce sexually and 
by cross fertilization But ‘pure rices can be formed m organisms 
which propagate asexually by parthenogenesis, or by self fertilization 
In such organisms the entire offspring usually have the same genotype 
as the mother Unless mutition intervenes, clones and pure lines are 
formed which consist of individuals with identical heredity As shown 

by Johannsen (cf page 113) selection may be observed at its simplest 

m organisms which form clones or pure lines A field of wheat, or of 
barley or of beans, or a culture of bacteria usually consists of mix- 
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Adaptive Value and tlic Environment DifTercnccs in the adaptive 
value may be of diverse origin Adaptive value, or Darwinian fitness, 
IS not the same thing as bodiI> strength, vigor, or braver)' The "fit 
test” may actually be a relative wcaUing if he gives birth to more 
children than his hale and hearty neighbor 
rurthcrmorc, the adaptive value of a genotype depends on the en 
vironment in which it lives as examples given in Chapter 5 nbundantl) 
show Here we may consider oiiI> the situation in domesticated am 
mals and plants and in man Primitive cattle breeds yield only two 
or three quarts of milk per cow per day, modem dairy breeds produce 
several times more (as much as 10000 pounds of milk and 300 or more 
pounds of butterfat per cow per year) On the other hand, primitive 
cattle can live well with little care under Iiirsh conditions, whereas 
their modern counterparts require special feeding and attention Has, 
then, the selection practiced for centuries by cattle breeders improved 
or damaged the fitness of the domestic cattle’ The question is cvi 
dently meaningless if the environment is not specified Clearly, the 
breed which produces much milk has a superior fitness in the environ 
ment of a dairy farm, even though it becomes more fastidious in its 
diet, less able to resist inclement weather, and quite unable to defend 
itself against wolves and other enemies 
For a simil ir reason the often met with statement that natural selec 
tion has ceased to operate m modem human societies does not stand 
critical examination True enough the importance for survival and 
reproduction of such qualities as the ability to withstand cold with 
out protective clothing, to find and kill wild animals with bare hands 
or with stones, to eat uncooked food, and to give birth without ob 
stetrical help is presumably less m modem man than in his remote 
ancestors Tlie importance of possession of a nervous system vvhicli 
permits learning complex tediniques and withstanding the wear and 
tear of modem tempos is presumably greater for modern man Mod 
ern medicine has transformed some diseases that were fatal in pnmi 
tive man into passing annoyances in modem man, but modern life 
requires a greater plasticity of behavioral traits than w as needed be 
fore (cf Chapter 14) In any cose whatever traits are favored or 
discriminated against under civilized conditions are by definition the 
traits which increase or dimmish the fitness of their possessors in civil 
ized environments Calling selerfion natural only if it selects traits 
which we deem desirable is a lax use of words 

Modem theories of evolution consider the envu'onment to be the 
directive force in the evolutionary process But the environment does 
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selection of a resistant strain (Chapter 5) The variety of oranges 
known as Navel arose b> mutation on a single tree found at Bahia, 
Brazil, m 1870 The manv thousands of Navel oranges cultivated in 
California and elsewhere are direct descendants of the original mu 
tant propagated by grafting (that is, asevuallv ) The smooth-skinned 
peaches (nectarines) and some varieties of apples and other fiuit 
trees are descendants of single lucky mutants 

Selection in Sexual Cross fertilizing Populations The situation in 
organisms which reproduce sexually and b\ cross fertilization is very 
different from that m species which form clones or pure lines The 
chief biological consequence of sexualitv is emergence of an endless 
variety of genotvpes m sexual populations As shown in Chapter 2 
an individual heterozvgous for n genes is able to produce 2" kinds of 
sex cells carrvmg different combinations of the parental genes The 
result is that m sexually reproducing species no two individuals are 
likely to have the same genoty'pe 

A relatively more constant characteristic of a sexual population is 
Its gene pool, m which various genes are represented each with a 
definite frequency Except for identical twins, no two persons are 
likely to have the same genotvpe, but everv human population can 
be described as having certain frequencies of the blood group genes, 
of genes for tasting and non*tasting certain chemical substances, for 
different eve colors, skin colors etc (see Chapter 7 for further discus- 
sion of this point) Natural or artificial selection may increase the 
frequencies of some genes and decrease the frequencies of others, m 
the gene pool of a sexual population Since new genotypes are con- 
stantly produced by the sexual process selection has always new ma 
terials to work with The improvements brought about by selection 
in sexual populations may, therefore, far exceed the limits of variation 
m the original materials even if no mutation intervenes Surely, no 
Wild hen e\ er laid as many eggs as do modern poultry breeds and no 
Wild boar reached weights which are usual for hogs on Iowa farms 
Long-continued application of artificial selection has brought about 
radical changes in the genotvpes of domesticated animals 

Table 6 3 shows the results of a selection experiment earned bv corn 
breeders and geneticists at the Illinois Agricultural Experiment Station 
for more than half a century The original vanetv with which the 
work was started in 1896 had an average protein content of 10 92 per 
cent and an average oil content of 470 per cent in its seed Selection 
was earned both in the direction of increasing and in the direction of 
decreasing the protein and oil contents By 1949 lines were obtained 



124 Natural Selection and Adaptation 

turcs of pure lines or clones Wlicn n breeder picks out a seed from 
tlic shirditst plant in Ids field, lie isolates a single pure line, which 
may give rise to a new amnely Some of the most valuable varieties 
of the self fertilizing crop plants arc descendants of single selected 
individinl progenitors Witbm a pure line or a clone, selection is, 
according to Jolnnnscn, without effect, since the selected individuals 
arc not gcnctitallj different from the rest 
When a mivtnro of pure lines or clones is exposed to natural selec 
tion, the mulliphoation of some lines maj be favored and other lines 
may be discnrnin<ated against Harlan and Martini planted the same 
mixture consisting of equal parts of eleven varieties of Iiarlcj in several 
regions of the United States having diHercnt climates and other en 
vironmental conditions For several years thereafter the mixture was 
harvested and replanted again in the same regions Tlie proportions 
of the varieties m the mixture have become radically altered some 
varieties were eliminated altogether, others increased in frequencies 
Interestingly enough, different varieties were favored by selection in 
different regions Tims the variety Hannchen was victorious in Minne 
sota, the variety White Smyrna m hfontana and Oregon, Manchuna 
in New York State etc (see Table 62) 

TABLE 62 

SoaviVAC OF Buicey Varieties from trc Sasie Mreruns afteh IIepe.vted 
SowI^os IN Different Environments 

(iVfler Harlan Martini and Slebbins ) 


Varieties 

Vir- 

ginia 

New 

^ork 

Minne- 

sota 

Montana 

Oregon 

Cab 

forma 

Coast &. Trebi 

sa s 

11 4 

16 6 

17 4 

1 2 

72 4 

Hannchen 

0 8 

G 8 

61 0 

3 8 

0 8 

6 8 

Vhite Smj ma 

0 8 

0 

0 8 

48 2 

97 8 

13 0 

Manchuria 

0 2 

68 6 

0 4 

4 2 

0 

0 

Gatami 

2 6 

1 8 

S 3 

11 6 

0 

0 2 

Me]oy 

0 8 

0 

0 

0 8 

0 

5 2 

Others 

5 6 

11 4 

18 0 

14 0 

0 2 

2 4 


Note The figures show the percentages of the different varieties which re 
sulletl from selection 


When a single “pure race” is isolated the progress of selection comes 
to an end However the occurrence o£ a mutation in a pure line or 
a clone may open a new field of action for selecbon just as the occur 
rence of a mutation to streptomycin resistance m bacteria permits 
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likel) to be the number of differences between them, and the greater 
the duersity of genotypes resulting from segregation in hvbrid prog 
ernes Breeders of domestic animals and plants often resort to more 
or less remote hybridization Thus the “Thoroughbred horse arose 
several centuries ago from h>brids between the light Arabian and 
Barbary, and the heavier European horses (see Chapter 9) To tahc 
a more recent example, the Santa Gertrudis cattle are derivatives of a 
cross between shorthorn and the Indian (zebu) cittle 
Introgressiv e Hybridization In making use of hybrids between 
dissimilar varieties and species, the breeders have borrowed a method 
which IS of some importance also m evolution m nature, it least in the 
plant kingdom The work of botanists (m recent years pirticulirly 
of Anderson and of Stebbins) has shown that distinct species of plants, 
when they inhabit the same temtorv, occasionally cross and produce 
fertile offspring Of course crossing within a species remains more 
frequent than that between species Interspecific crosses however, 
cause a diffusion, or introgression, of genes from one species to an- 
other The gene transfer augments the genetic variability and fur- 
nishes great opportunities for natural and artificial selection 

Im fuha and Ins Itcxagona are two species of irises studied by 
Rilev in southern Louisiana They differ in a number of ways in the 
former species the tube of the flower is golden yellow, and in the 
latter it is green, in the former the sepals are copperv red and rela- 
tively short, in the latter they are blue-violet and relatively long, etc 
Furthermore, Irts fulva grows chiefly on drier lands, m woods, and on 
slopes of ndges, Ins hexagona occurs on low lands, on wet clay and 
in full sun It appears that before man came and started to cut the 
forests and to dram the marshes for pastures and fields the two 
species of irises kept well separated m their respectively different 
habitats Mans activities have created new habitats on which both 
species, as well as hybrids between them can grow Riley has found 
colonies of irises m which varying proportions of individuals were 
clearly of hybrid origin, containing mixtures of genes of both species 
Another example of hybridization, mvolving the cultivated corn 
(maize) will be discussed m Chapter 9 
Genetic Drift Another agency which cooperates with natural selec- 
tion in bringing about evolutionarv changes is genetic drift, the action 
of which was studied mathematicallv in a senes of important works 
chieflv by Sew all Wright The nature of this agency is simple enough 
Since a sex cell contains only half the chromosomes present in the 
diploid organism, a parent transmits to each child only half of his 
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TABTL 63 

Pnoanrss of Sflectios for Ilirii avd for Iaiw Covtfnts of Pkoteiv and 
O f Oil in Corn 
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20 1 
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7 1 

1 2 
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22 0 

10 2 

8 0 

1 2 

45 

17 8 

13 7 

5 8 

1 0 

50 

10 4 

15 4 

4 0 

1 0 


h'lving as much as 19 45 per cent protein and 1536 per cent oil, and 
lines with 'is little 'is 4 91 per cent protein and 1 01 per cent oil It 
does not seem that the selection has yet reached the limits of its 
effectiveness 

Selection and Hybridization The success of selection depends 
upon the presence of genetic varnbility in tlie population to which 
the selection is applied As we have seen, among asexual or self- 
fertilizing organisms selection can only isolate the best genotypes 
already present when the selection is started Sexual crossing and 
recombination of genes among hybrids yield a vast supply of ever 
new genotypes, some of which may be superior to the old ones This 
IS the reason why many valuable varieties obtained by modem breed 
ers are isolated from among hybrids between two or several older 
varieties For example the Thatcher wheal variety whicli now grows 
on many millions of acres of wheat fields has a combination of genes 
derived from the varieties lumillo. Marquis, and Xanred 

In sexual organisms hybridization is m a sense, the regular method 
of reproduction Any heterozygous genotype is a hybrid genotype 
In this sense, any human being is a hybrid, and any marriage a hy- 
bridization But the word liybndization is also used to describe 
crossmg of more or less dissimilar parents different breeds races, and 
species The more dissimilar are the parents crossed, the greater is 
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= 05 Suppose, next, that the sample consists of one million sex cells 
(500,000 individuals) The gene frequenev m the next generation 
max deviate from 0 5 by a standard error which will be equal to 
V05 X 0 5 1,000,000 = 0 0005 This standard error is only one 
thousandth of the gene frequency, and, consequently, the gene fre 
quency may be said to be unchanged The situation will be different 
m a sample of 100 sex cells (50 individuals) The standard error will 
now be V05 X 05 100 = 0 05 This is one tenth of the original 
gene frequency, and the gene frequency in the next generation wall 
probably he between 0 45 and 0 55, but it may easily be between 
04 and 0 6, and even as low as 035 or as high as 0 65 
Variations in gene frequencies due to sampling errors in finite popu 
lations are known as genetic drift Mutation and selection tend to 
change the gene frequency in a population svstcmaticallv in the same 
direction, generation after generation Genetic drift has an unsvs- 
tematic effect m one generation it may pull the gene frequenev up 
ward, then downward, or leave it unchanged Nevertheless given 
enough time ( enough generations), the genetic drift may produce large 
changes in populations consisting of small numbers of breeding m 
dividuals 

Drift and Selection in Isolated Populations Many organisms do 
not occur everywhere in the countries in which thev live but form 
more or less isolated groups, or colonies each containing only some 
tens or hundreds of individuals Thus land animals and plants may 
form colonies on dry land isolated by water, whereas water dwelling 
organisms often live m lakes or ponds isolated by stretches of land 
Many creatures occur only on certain soils, or live only where a cer 
tain kind of food is available At the dawn of history mankind con 
sistcd of many small nations or tribes, more or less isolated from each 
other, with marriages occurring mostly within a tribe 

Suppose that the isolated colonies of a species have, to begin w th, 
similar gene pools, with a certain gene A having the frequency, for 
example of 0 5 If this gene is not acted upon by mutation and selec- 
tion, its frequency in the species as a whole wall continue to remain 
0 5, m accordance with the Hardy Weinberg rule But consider the 
separate tribes If these tribes have small populations, the gene fre- 
qu( ncies will owing to genehc drift, become higher than 0 5m some 
tribes and lower than 0 5 in others In the course of time, the tribes 
will tend to drift apart in gene frequencies In fact, some tribes may 
come to hav e only the gene A and others onlv a 
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genes, and fads to transmit the other half In a stationary population 
(that IS, a population which neither expands nor contracts m num- 
bers in successive generations) every pair of parents produces on the 
average tuo surviving offspnng With two ehildrcn, half of the 
parental genes will be represented once each, one quarter will be 
represented twice each, and one quarter will be altogether lost In 
the next generation some of the gtnes will again be reduplicated and 
others will be lost In the course of many generations some 'lucky” 
genes will be considerably increased m frequency, but many others 
will no longer exist For this reason, it can be said that only a fraction 
of the genes which were present in the gene pool of the human species 
in, for example, the time when the pyramids were being built, or dur 
ing the Stone Age, still exist in the now living mankind But these 
genes have become, barring mutation, greatly increased in numbers 
In reality, even in a stationary population the offspnng of some 
parents are lost, whereas other parents leave numerous progeny Many 
populations (of, for example, insects) alternately expand greatly m 
numbers in some years, and Uien are decimated until only few indi 
viduals are left The genetic consequence of such expansions and con 
tractions is that many genes are lost and others are increasing m 
frequencies The author once visited a village with a population of 
perhaps three hundred individuals isolated m a remote comer of Asia 
The singular condition in this village was that most of the inhabitants 
had the same family name The explanation of this condition was 
simple— apparently an early settler happened to raise a large family 
consisting mostly of boys, and his sons were m turn fathers of large 
families The genes of the early settler have become, within perhaps 
half a dozen generations, incorporated in many individuals If this 
settler lived in a large city the multiplication of his family name would 
not be conspicuous, since the carriers of this name would be scattered 
among other people In a village the result seemed striking Sup 
pose then, that the early settler carried a gene or a chromosome struc- 
ture which IS rare in the general population The village in quesbon 
has come to have a population in the gene pool of which this gene or 
chromosome could be unusually frequent 

As pointed out on page 119, the Hardy-Weinberg theorem of con- 
stancy of gene frequencies presupposes that the population consists 
of infinitely many breeding individuals The individuals of a given 
generation may be said to come from a random sample of sex cells 
taken from the gene pool of the preceding generahon Suppose that 
this gene pool had equal numbers of die genes A and a. q = (1 — q) 
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lines and clones (see page 114), but the objection became invalid m 
the light of modern biological Vnowledge 
We should clearl> distinguish the two basic evolutionarv processes 
that of the origin of the raw maternls from which evolutionarv ciiatiges 
can be constnicted, and that of building and perfecting the organic 
form and function Evolution can be compared to a factorv anv fac^ 
tory needs a supply of raw materials to work with, but when tli( 
materials are available they must be transformed into a finished 
product bv means of some manufacturing process The raw materials 
of evolution are the gcnotvpes which arise bv gene and chromosome 
mutation and by recombination engendered in the process of sevinl 
reproduction But, according to the apt phrase of Sevvall Wright 
mutation alone would produce an array of freaks, not evolution’ It 
IS selection which gives order and shape to the genetic v vnabilitv 
and directs it into adaptive channels Some of the classical theorists 
of ev olution believ ed tint ev oUition w as produced bv natur il selection 
others thought that it was produced b> mutation or bv hybridization 
They were eqinllv in error since it is the interaction of all these 
processes which results in evolutionary changes 

Mutation and recombination yield a supply of genetic vanabditv 
which IS then organized by natural selection in accordance with the 
demands of the environment Most mutants, however are deleterious 
to the orgmism in normal environments, they produce defects, mal 
formitions and hereditarv diseases of various degrees of gravitv The 
action of selection, accordingly, has two aspects which Schmalhausen 
has called the stabilizing selection and the dvnamic selection Tlie 
former keeps down the number of deleterious mutant genes and gene 
combinations (cf Chapter 7), and m so doing it protects and stabilizes 
the normal dev elopmcntal pattern of the species On the other hand 
the environment changes in time and m space The dvnamic natural 
selection permits the species to keep its hold on the changing ecologi- 
cal niches vvhuh it occupies and also to conquer and control new 
ecological opportunities 

Ev en the stabilizing function of natural selection mv olv es more than 
a purely negatn e action of blocking the spread in populations of bad 
mutants It is frequentlv forgotten that the environment which we 
call “normal for a species is in reahtv a complex of a great manv dif 
ftrent environments Just think how profoundly different are the 
emironments to which anv species mhabitmg temperate or cold lands 
IS cvpobcd in summer and m winter In order to surv iv e such species 
must of necessity be adapted to all the environments which recur 
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It IS possible, 'ilthough not proven (cf CInptcr 7), tbit the differ 
ences between human races in traits nhich seem to be adaptively 
ncutnl arose through genetic drift m small popuhtions Most human 
populations contain persons of different blood groups, tasters and non 
tasters of PTC, etc, however, the incidence of these traits vanes in 
(bfftrent parts of the uorld (Figures 76 and 77) These variations 
could have arisen throiigli genetic drift in the isolated tribes of which 
early mankind was composed, and subsequently impressed upon the 
much larger and no longer strict!) isolated modem races Colonies 
and local races of many animals and plants often show minor differ 
ences in color patterns, size, shapes of various parts, etc, which also 
may be neither useful nor harmful to their possessors Genetic drift 
m small populations is one of the possible hypotheses to account for 
such differences betwren populations 

Interesting situations arise in small popuhtions which are acted 
upon simultaneously b> natural selection and by genetic drift Selec 
tion always tends to fix the frequencies of genes m the populations at 
values most advantageous under the environments m which these 
populations live The genetic drift causes variations up and down 
from these values The separate, partially or completely isolated, 
populations of a species act then, as evolutionary trial parties which 
explore the adaptive possibilities of various genetic structures Most 
of these trial parties discover nothing of interest, and eventually get 
lost and supplanted by the more successful populations The impor- 
tant thing however is that in some populations, perhaps in only a 
single population gene combinations may arise which are not very 
useful, perhaps even slightly disadvantageous, but possess new adap 
tive potentialities Such evolutionary inventions" are then perfected 
by natural selection and occupy new ecological niches which were 
unattainable to the original species The importance of the genetic 
drift in evolution is that its intericlion with natural selection confers 
a greater adaptive plasticity than a living species would possess other- 
wise 

Conservative and Creative Aspects of Selection Some philosophers 
and some biologists have doubted that natural selection can be the 
guiding agent m evolution because selection, allegedly, produces 
nothing new, and merely removes bom the populations degenerate 
variants and malformations (cf Chapter 14) Tlus objection seemed 
particularly impressive when Johannsen demonstrated that selection 
does not induce hereditary variations m genotypically uniform pure 
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Ine in the \\ oriel at present, were, not preformed in the primeval amoe- 
bae or in the primordial viruses Thev have evolved gradually m the 
history of the earth under the control of natural selection 


Suggestions for Further Reading 

Danvin Cli 1859 On tfie Oriffin of Species by Means of Natural Selection 
This IS the original statement of the theory of iiatunl selection For further 
comment see the Suggestions for Further Reading at the end of Chapter 5 

Oshom H F 1896 From GreoAs to Doritm 2nd Edition Macmillan New 
\ork 

Although antiquated tins work remains a useful account of the t irlv history 
of evolutionism 

Andrewartha, H G and Birch L C 1954 The Distribution and Abundance 
of Animals Chicago Unucrvit' Press Chicago 
Dobzhansky, Th 1951 Genetics nnd the Origin o/ Species 3rd Edition Co 
lumbia Umversitv Press New ^ork 

Schmalhausen I I 1949 Factors of Etolutton the Theory of Sfohi/izing 
Selection Dhkiston Pluhdclphia 

Stebbins G L 1950 Venation and EioluUon m Plants Columbia University 
Press New York 

These books (Andrewartha and Birch to Stebbins) should be consulted for dis 
cusSions of modern v ersions of iht theory of natural selection 

Alice W C 1931 Cooperation among AntmaU Schumann New York 
Kropotkin p 1917 Mutual Aid Knopf New Tiork 

Also av ulable in a Penguin Books edition (London 1939) 

Ashley Montagu, M F 1952 Darnin Competition and Cooperation 
These three books (Alice to Ashley-Monlagu) emphasize cooperation as against 
struggle as an important f letor leading to nttural selection 

Li C C 1955 Population Genetics Chicago Unuersity Press 
Lerner I M 1950 Popidation Ceneiics and Animal Inipruvcntcnt Cambridge 
University Press London 

The books of Li and Lerner may be consulted for a mathematical theory of 
Selection and of genetic drift Thise books are intended for advanced students 
and research workers 

For a very elementary treitmcnt of the same topics see also 
Dunn L C and Dobzhansky Th 1952 llereduy Race and Society 2nd 
edition New American Library New ^ork 
Anderson E 1949 Introgrcsme Hybridization John Wiley, New York 

Tlu. author of this last book believes that mtrogressive hybridization is rather 
more important in the evolution of life than it is usually credited with being 

Another discussion of this phenomenon can bt found in the book by Stebbins 
quoted above 
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sc'isonally, or from time to time, in their n'iti\c country Many trop 
leal and subtropical phnts can grow well tnouqli during the summers 
m the United States but they do not survive winters, in California 
and Florida some of them survive overage winters but are hilled by 
exceptionally severe ones IIow many, if any, offspring are produced 
by the earners of any genotype depends on the reactions of this 
genotype not to just one but to many different environments— m other 
words, on the norm of reaction of this genotype (cf Chapter 4) 
Adaptively most valuable genotvpes arc those winch react favorably 
m all the environments to which the species is exposed in its natural 
habitats The stabilizing natural selection favors, then, the genotypes 
which can withstand the environmental shocks which the organism is 
likely to meet The result of selection is the development of homeo 
stasis (cf Chapter 1) The organism of man, of a frog, of a Drosophila 
fly, of a corn plant, and in fact of any species develops and maintains 
its normal structures and functions despite the manifold and often 
erratic changes in the environments The “stabilization" of organic 
development permits a great deal of genetic and evolutionary progress 
New developmental patterns become necessary, however, when the 
environment changes permanently This change may occur because 
of alterations m the climate, because of ecological upsets produced 
by the appearance of new diseases, parasites, predators or competi 
tors, because the species becomes adapted to eat new kinds of food 
to grow on different soils, and for many other reasons Dynamic 
natural selection involves, then, the estabhshment of new genotypes, 
adapted to the new conditions It is fair to say that selection produces 
new genotypes even though we know that the immediate causes of 
the origin of all genotypes are mutation and recombination It is only 
in organisms which reproduce exclusively by asexual means or by self 
fertilization that selection, in the short run, merely picks out some of 
the available genotypes and suppresses others In the long run, selec- 
tion IS the directing agent because it determines which genotypes are 
available for new mutations to occur in 

Sexual reproduction and cross fertilization are immensely efiBcient 
trial and error mechanisms which generate new genotypes Their ac 
tion in a given generation depends however, on the composition of 
the gene pool of the population, which m turn has been determined 
through natural selection in the ancestral generations Thus it comes 
about tliat we can obtain, by selection, strains with characters which 
far exceed the limits of variation in the ancestral matenals ( see page 
125) Tlie human species, and all other species of organisms which 
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species or races, and each category has been gi\en a name A name 
stands for a group of indi\iduals which ha\e some traits in common 
Thus all indniduals called fo\ temer’ haNC man\ properties in com- 
mon, some of these properties are shared b\ all mduiduals referred 
to the species dog (Cams fanuharis)^ to the genus Cams, the famiK 
Canidae, the order of carnuorcs (Carnivora), the class of rnammals 
(Mammalia), and the phvlum of vertebrates (Chord ita) The prop 
erties common to each category may be represented schematically in 
a picture or in u description such schemes are \er> useful in teaching 
zoolog) and bolanv 

Tlie t)p(s’ of dog, cirmvores, vertebrates, etc, do not evist, how- 
ever, apart from the real animils It was perhaps this hind of illusion 
which led Linnaeus to conclude that species were units created bv 
God In the nineteenth centurv the French comparative anatomist 
Cuvier and man> otlicrs believed m tv'pes or basic plans which 
existed in some ideal world and of which the real animals and plants 
were but imperfect copies The great poet Goethe created a schematic 
generalized plant ("Urpftanzc ) of which tlic plants that actuall) 
grow were supposed to be variants (Chapter 10) 

Much harm came from the notions of tvpical or pure** white 
Nordic Germanic and other “pure races of man No two men look 
alike and different countries ue mhabiKd bv people who look 
obviously different Some anthropologists from the eighteenth cen 
tur> to the present time have succumbed to the temptation of sup- 
posing that this great vane tv of human beings arose through mixture 
of a relatively small number of “pure” races These anthropologists 
assume that the ‘pure races ha\e lived at some unspecified time in 
the past, and arbitrarily endow them vv ith combinations of traits, such 
as stature head shape, skin and hair colors Very occasionally a living 
person is found w ho more or less resembles the imaginary standard of 
the pvire race but a great m ijontv of human beings hav e to be 
regarded as mivtures of two or of several races Authorities seldom 
agree on either the number or the characteristics of the supposed 
“pure races this disagreement is not surprising since, in the words 
of the eminent anthropologist Howells these races were arrived at by 
a kind of divination” All this would have made trouble onlv for 
anthropologists but politicians ind bigots found the pure races 
convenient instruments to stir up race prejudice and unhealthv na- 
tionalism 

Pure Races^ As shown m the foregoing chapter pure races con 
forming to a single genetic tv’pe could exist in sexually reproducing 
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Individuals, Pojmlations, 
and Races 

Experience sliows that every person we meet is different from any 
met before Individual differences exist also among animals and 
plants, and for that matter no two material objects are completely 
identical Yet human language forces the infinite variety of experi 
ence into categories symbolized by words-man, horse, dog pine, etc 
It IS easy to mistake words for actual objects, and to conclude that 
each word refers to some metaphysical entity or idea" Plato, the 
greatest philosopher of antiquity, actually taught that individual men, 
horses, pine trees, etc, are imperfect and temporary expressions of 
the eternal and unchangeable ideal Man, Horse, and Pine 
Although few modern philosophers and still fewer scientists take 
Plato s “ideas” literally, his way of thinking is deeply rooted in many 
minds It is common to hear people speak glibly of a typical French- 
man or “real American, or “ideal horse Such expressions are 
legitimate only so long as the speaker realizes that the type or 
“ideal IS a composite image which he endows with properties com- 
monly met with in actual individuals or considered desirable or pleas 
mg The trouble is that people are frequently tempted to think of 
these abstractions as though they were real entities This typological 
thmking may even be earned to the point when the imaginary Man 
or the imaginary American is substituted for real men and for living 
persons who compose a nation as objects of sympathy and affection 
Types and Classifications The typological approach is convenient 
m tile branches of biology which deal with description and classifi- 
cation of animals and plants Just as a large library must be systema 
tized and catalogued to be usable so living organisms have been di- 
vided mto phyla, classes, orders families, genera, species, and sub 
134 



Sympotnc and Allopatric VanabihUj 137 

Such a statement does not, ho\ve\er, descnbe an average or a type, 
but the composition of the gene pool of the population 
Svmpatnc and Allopatric Variability Mendelian populations mav 
be of various orders of magnitude In man marriages ire concluded 
most often among residents of the same community, town, citv, ind 
countiy Ever> individual human being encounters during his repro 
ductive age a certai.i number of individuals of the opposite sev who 
may be regarded as his potential mates These groups of potential 
mates are the elementary Mendelian populations, to which in human 
genetics and anthropology the term isolates is often applied But the 
isolates are seldom completely isolated from each other Intermar- 
riages between isolates occur more or less frequently, giving rise to 
Mendelian populations of higher orders The language which people 
speah, the nation and the country to which they belong, influence the 
frequencies of intermarriage and make larger isolates Finally, man- 
kind as a whole is a great Mendelian population Any two human 
beings of reproductive age and of oppos te sex anywhere in the world 
are potentially able to mate and to produce offspring There is ac- 
tuallv some gene flow direct or indirect, continuous or intermittent, 
between all isolates of the human species 

Individuals of the same or of different species who live together in 
the same temlory are called sijmpatnc Residents of different tern 
tones are allopatric These terms may be defined more precisely as 
follows The places where the parents are born are usually separated 
by some distance from the birthplaces of their offspring Individuals 
v\ho live within the average distance betvveen the buthplaces of par- 
ents and offspring are sympatric and those living at greater distances 
are allopatric Matings occur usually between sympatric individuals, 
and these indi\ 'duals are members of elementary Mendelian popula- 
tions Although this distinction is obviously not sharp because ad- 
jacent populations commonly overlap, it is of considerable importance 
in evolutionary biology 

Genetic differences are observed, of course between sympatric as 
well as between allopatric individuals People in an American town 
differ in appearance from the inhabitants of a Japanese town, but 
individual Americans as well as individual Japanese differ also among 
themselves But the differences between sympatric individuals arise 
through combination of genes coming from the same gene pool, and 
unless the individual dies childless the genes revert again to the 
gene pool Allopatric populations have separate gene pools, although 
there may be some diffusion of genes between these pools, owing to 
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organisms only if licredity were transmitted by blood instead of 
genes Tlien tlie ‘type" of o race or of a species could represent t 
limiting condition whtcli a sexinlly reproducing population wot 
reach after a prolonged period of breeding in isolation But in real 
groups of genetically uniform individuals— clones and pure lines— ex 
only in asexual or self fertilizing populations Hard) and Weinbf 
(sec Chapter 6) have firmlj estalilishcd that scxuallv reproducing 
cross fertilizing populations do not become any “purer** with time, a: 
that when applied to such populations the notion of “pure” race 
absurd 

Although members of a sexual cross fcrtih/ing population arc rare 
if ever, genetically identical, and although individuals of a clone oi 
pure line usually are genetically iitiiform, individuals in a sexual spcci 
are far more interdependent than those in clones or pure lines In 
clone of bacteria, every cell may give rise by division to a proger 
but indiv’iduals of a clone arc independent from one another in repj 
duction In sexual species, an isolated individual can leave no progei 
and IS lost to the species Members of a sexual population are inte 
dependent They are bound together by ties of mating and parentag 
Every individual derives its genes from the common gene pool of tl 
population, and returns its genes to the same gene pool 

The word p ^ulatioii ** is sometimes used loosely to refer to ar 
group of living oeing^ thus we speab of the ^ birdjg pulation of 
forest or of the fish population of a lake But a ^^endeIlan popuJatic 
is a reproductive community of sexual and cross fertdized individua 
among whom matings regularly occur and who, consequently, have 
common gene pool 

In theory Mendehan populations may be homozygous for all the 
genes, but this happens rarely or never m reality Every member of 
Mendehan population (identical twins excepted) is likely to ha\ 
a genotype of its own not found in any other individual It woul 
be meaningless to say that every individual belongs to a separat 
race It is also easy to see how hitle meaning except in a purel 
descriptive sense, has the idea of ‘type when applied to a Mendeha 
population Such expressions as the average condition or the typi 
cal ’ phenotype may be entirely misleading For example, most humai 
populations consist of persons with O A, B, and AB blood groups, bu 
there is no such thing as an average” blood group We can say onl; 
that in some populations persons belonging to certam blood groups an 
relatively more frequent than those belonging to other blood groups 
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perfectl> clear cut, since, when tested by competent observers, there 
IS never any doubt about the blood group to which a person belongs 
The situation with tasting the PTC substance is a little less definite, 
since some persons find weak solutions of PTC tasteless but strong 
solutions bitter Classification of such persons as “tasters or non- 
tasters may be ambiguous With many other traits, especially those 
determined by polygenes (cf Chapter 2), the different genotypes fail 
to produce discrete phenotypic classes Thus the pigmentation of 
human skin varies all the way from albino to black Similarly, the 
color of the hair and eyes, the shape of the head, and countless other 
human characteristics vary continuously from one evtremc to another 
Dominant Deleterious Genes and Hereditary Diseases We have 
seen m Chapters 4 and 5 that, m any living species, there occur from 
time to time mutations and chromosomal changes, most of which arc 
more or less deleterious to their carriers in the environments which 
are normal for the species There exist, of course, all transitions 
between mutants which produce dangerous hereditary diseases and 
mutant genes which arc neutral and even useful to the organism 
Some mutants act as dominant Icthals, that is, they kill their earners 
even in heterozygous condition Thus m Drosophila many eggs de 
posited bv an untreated female mated to a male treated with X-rays 
fail to produce larvae The death of the eggs is due to induction by 
\ rays of dominant lethals (mostly mviable chromosome breakages) 
m the treated spermatozoa An example of a spontaneously arising 
lethal in man is retinoblastoma a form of tumor in the retina of the 
eye which cavises death usually during infancy According to Neel 
and Falls, about 4 in 100,000 infants born in the State of Michigan 
are new retinoblastoma mutants 

Deleterious mutants which are not completely lethal may be re- 
tained m a population for several generations This is the case with 
numerous hereditarv defects and diseases m human populations Thus 
the chondrodystrophic dwarfism (see Chapter 2, page 32) is a semi- 
lethal in the genetic sense These dwarfs enjoy satisfactory health, 
hut according to Haldane, produce on the average only about one 
fifth as many children as do normal persons 

Recessive Deleterious Genes and Hereditary Diseases A newly 
arisen recessive mutant is likely to be carried in an individual heterozy- 
gous for the recessiv e and for the dominant normal allele Ev en if the 
recessive mutint is lethal when homozygous, the heterozygous carriers 
may be normal in appearance and m health A vast majority of genes 
for rare recessive hereditary diseases are carried m populations in 
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migration and to intermarriage of people- whoso parents were bom in 
remote parts of the world 

Tlie existence of genetic differences between s>mpatnc individuals, 
members of the same Mcndehan population, is referred to as individual 
vartahdtty or as polymorphism Genetic differences between Mendel 
.jan populations arc called racial or subspccific Race and stihspecics 
\are synonyms, the former word being used most often in connection 
•fwith man, and the latter for organisms other than man Breeds of 
domestic animals and tariettes of cross fertillred cultivated plants are 
races It should be noted, however, that, although most races of free 
living species arc allopatnc, breeds and varieties of domesticated 
species may be either sympatric or adopatne, since their mating is con 
trolled by man Human races were originallv allopatnc, but with the- 
devclopment of the cultural regulation of mamaije the> have become 
partly sympatric (see Chapter 13) The word “variety" has been 
used in so many different senses that it is at present worthless as a 
scientific term It is sometimes applied to clones of asexual species 
and even to sympatric genotypes within a polymorphic Mcndehan 
population, which cannot legitimate!) be called races or subspecies 
Some Examples of Polymorphism in Human Populations As shown 
m Chapter C, a Mendehan population may be described most ade 
quately m terms of relative frequencies of various genes and chromo 
somal variants in its gene pool For example most luiman populations 
are polymorphic with respect to the blood groups The American 
white population consists of approximately 47 per cent of persons with 
blood of group O, 43 per cent of group A 7 per cent of group B, and 
3 per cent of group AB Since human populations are panmictic with 
respect to the blood groups (nobodv chooses his mate according to 
the blood group), it can be deduced that the three alleles which de- 
termine the blood groups, 1°, and have the frequencies m the 
gene pool respectively of 0 67, 0 26, and 0 07 
Of course human populations are pol) morphic with respect to many 
genes other than those which determine the blood groups In the 
foregoing chapter it has been mentioned that some 70 per cent of 
American whites are tasters and some 30 per cent are non tasters of 
the PTC substance In the gene pool about 55 per cent of the sex 
cells carry the recessive gene t for non tasting and the remainmg 45 
per cent contain the dominant gene T for tasting 

The phenot)'pic manifestation of the genetic polymorphism in Men 
delian populations may or may not be very conspicuous In human 
populations the polymorphism with respect to the blood groups is 



Rcccssluc Deletcrwus Genes 


141 


Chetveriko\ devised a technique of bnnging to light tlie recessive 
mutants which are hidden in normally appearing heterozygous indi- 
viduals The principle of this technique consists in breeding the indi- 
vidual flics collected in nature m laboratory cultures and obtaining 
progenies m which certain individuals carrv in duplicate chromosomts 
which were present m a single dose in the fret living ancestor The 



Figure 7 1 The sickle slnpos assumed h> the red blood cells of persons hetero- 
zygous (left) or homozygous (right) for a gene for sickle-cell anemia when sub- 
jected to reduced owgen supph (Courtesy of Professor J V Neel ) 


results of the studv were startling Almost everv “normal fly living m 
the state of nature proved to be heterozygous for one or more recessive 
genes which are lethal or semiletinl, or cause sterility or modifv in 
various ways the phv siological characteristics or the external appear 
ance of the homozygous individuals Many mutants previously found 
in laboratories were shown to be present also in natural populations, 
many new mutants were discovered 

Table 7 1 provides an illustration of the degree to which the geno 
type of a sexually reproducing species may be riddled with deleterious 
mutants We must of course remember that every’ fly carries two 
second and two third chromosomes (one received from the mother 
and the other from the father) It is obvious then that few, if any 
flies in nature are free of the polenliaUv deleterious genes On the 
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nomnl appearing lielcrozygotcs, making it difficult to detect and to 
eliminate them by any platisililc cugcnical measures Thus the 
juvenile amaurotic idiocv causes the dcatli of the homozygotes before 
the onset of sevual maturity, and yet tlic parents of the afflicted chil 
drtn are normal people Albinism in man may be classed as a mildly 
deleterious condition due to hoinozygosjs for a recessive gene, but the 
parents of the albino are normally pigmented Muller has estimated 
that a normal" and healthy person in human populations is heterozv 
gous, on the average, for eight recessive genes which could produce, 
in homozygous condition, more or less grave defects or diseases 

Perhaps most interesting at (his point arc human genes which are 
disabling or even fatal to homozygotes but ore also detectable in 
heterozygotes Individuals homozygous for the gene for thalassemia 
die of a fatal anemia, usually in childhood Tlie parents of the anemics 
may have a mild form of anemia ( thalassemia minor"), and theu” red 
blood cells show certain pcaihantics detectable tinder the microscope 
The gene is, then, lethal in homozygous and suhvital m heterozygous 
condition The remarkable condition is tint the thalassemia occurs 
chiefly among people native to the Mediterranean region (Italians, 
Greeks, Syrians, etc ) In populations of some parts of Italy this gene 
reaches, however, astonishingly high frequencies— 10 or more per cent 
of the gene pool 

Another form of lethal anemia is due to homozygosis for another 
recessive gene which occurs chiefly among people of African extrac 
tion This anemia or sickle cell disease, causes the red blood cells to 
assume characteristic shapes (Figure 71) when placed in a medium 
deficient in oxygen The heterozygous earners of this gene are normal 
or very mildly anemic The frequency of the sickle cell gene in some 
Negro populations exceeds 40 per cent, although m other populations 
it IS low 

It IS certain that man is not the only speaes afflicted by accumuH 
tion of deleterious genes m its gene pool Most, or all, sexually repro 
ducing organisms share the same fate The most detailed relevant 
studies, begun in 1925 by a Russian geneticist CheU enkov, hav e been 
made on natural populations of Drosophila flies It may be noted that 
a fair number of mutants had been found before 1925 in Drosophila 
in laboratory cultures, but the outdoor populations of these flies 
seemed quite uniform and free of mutants So much so that some 
authorities at that hme suspected that mutants are just laboratory 
artifacts which never occur in nature 
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selection wiW act to retain both aUeles, A and a, in the population in 
definitely The population will, accordingly, be polymorphic, poly- 
morphism maintamed by selection is known as balanced polymorphism 
The genes under the conditions outlined abo\e will reach equilibrium 
frequencies at the following values 

q = S2/(si + S2) •»nd (1 — 9) = Si/(«i + ^2) 

This little exercise of mathematics leads to interesting biological 
conclusions First of all the mechanism of balanced polymorphism 
will maintain in the population any gene which produces a heterotic 
heterozygote, no matter how poorly viable, or even lethal, may be the 
homozygous Assume for example, that the homozygote, nn, is lethal 
(s, = 10) and the other homozygote, AA, is slightly less fit than the 
heterozy'gote (let si be 0 1) Natural selection will establish an equi 
librium at winch the gene a will have a frequency of q per cent in 
the gene pool [01/(1 4-01) = 0 09] 

It IS quite conceivable that the occurrence of some recessive heredi 
tarv defects and diseases in human and other species mav be kept 
up by balanced polymorphism There is some evidence (Allison, 
1954) that heterozygous carriers of the gene for the sickle cell anemia 
are less susceptible to malaria (tropical fevers) than are the “normal 
homozygotes In countnes where malaria is prevalent even a relative 
immunity may constitute an important adaptive advantage Natural 
selection will then maintain a certain incidence of the genes for the 
sickle cell anemia in the population of malaria ridden countries, despite 
the fact that the homozygotes for this gene die of fatal anemia 

Chromosomal Inversions in Drosophila Populations Experimental 
verification of the hypothesis of balanced polymorphism proved pos 
sible m populations of Drosophila Natural populations of some spe- 
cies of these flies vary with respect to a rather recondite trait, namely, 
the structure of their chromosomes The arrangement of the genes in 
the chromosomes is visibly reflected in the giant chromosomes of the 
salivary glands of Drosophila larvae (Figure 7 2) Different chromo 
somal variants found in the same free-living population difi^er in in- 
versions of blocks of genes (cf page 66) The flies which have 
chromosomes with different gene arrangements interbreed freely, 
therefore, some flies possess two chromosomes of a pair with identical 
gene arrangements (inversion homozygotes), and other flies have the 
two chromosomes with different gene arrangements (inversion het- 
erozv gotes ) 



142 


Individuals, Populations, and Races 


TAIILF 7 1 

Pf UCESTAOES Oh TIIF SfcOVD AND 1 HIKII CllnOMOSOMES IN SoUTH AltFIltrAN 
Populations of Drosophila viUutom ANiiicii Contain Vabious DrLETFiuors 
Heckssivf Mutant Cfnin 
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Other hnnd, we must remember that Table 7 1 shows the totil fre 
quencies of all kinds of lellnls, semiletlnls, subvjtals (relatively mild 
hereditary diseases) sterility genes, etc Most of these miitmt genes 
are not allelic, and flies heterozygous for two or even for sevenl lethal 
genes are quite viable and normal m appearance 

Heterosis and Balanced Polymorphism Most of the genes consid 
ered up to this point produced hettrozygoles which were similar to or 
intermediate between, the corresponding homozygotes (that is the 
heterozygotes Aa, either resemble one of the homozygotes, AA or aa, 
or are intermediate between them) It happens, however, that some 
genes produce heterozy gotes, Aa, which are superior in vigor or lU fit 
ness to both AA and aa homozy gotes A supenonty of the hybrids, 
heterozygotes, is known as hybrid vigor, or heterosis This condition 
IS common in nature, and it is very important m agncultiiral practice 
The exploitation of heterosis in hybrid corn in the United States has 
resulted in an increase of the yield of about 15 bushels per acre It is 
estimated that the aggregate increase of flie yield for the whole coun 
try in 1946 was between 832 and 924 millions of bushels (see Chapter 

The dynamics of a population with heterotic heterozygotes can be 
described as follows Suppose that the adaptive value of a heterozy- 
gote, Aa, is equal to 1 The adaptive values of the homozvgotes AA 
and aa, are, respectively, 1 — and 1 — sg (^i and s, are of course 
selection coefBcients, see Chapter 6) Suppose that the frequencies 
of tlie genes A and a in the gene pool of the population are q and 
^ q) It can be show n mathematically that when the adaptive 
value of a heterozygote is above those of both homozygotes, natural 
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Figure 7 3 A jiopulalion eige used in studies on the processes of natuni sclec 
tion in experimental pcipulitions of Drosophili The cage contains fifteen cups 
with tlic nutrient medium adapted for raising Drosophih flies in hboratories 
The cups with used up medium can be removed and rtpUced by cups with fresh 
fond without losing an> of iht flies in the cage (After Dobzhanshy courtesy 
of Scfenttfic American ) 
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The flics homozygous aiicl heterozygous for different chromosomal 
variants look externally alike It is, ncvcrtheltss, possible to demon 
strntc by experiments that the invention heterozygotes usually show 
hybrid vigor, that is, arc superior in fitness to the homozygotes The 
experiments are conducted on artificial populations hxing in “popu 



Figure 7 2 An inversion in Drosoj^iOa pseudoohicura a The Standard” ar 
rangement nf discs in the third chromosome b Tlie ‘Arrowhead arrangement 
c and d The inversion loop formed in the lliird chromosome in the cells of larval 
salivary glands in individuils heterozygous for the inversion that is carr>ing one 
Standard and one Arrowhead chromosome In d the chromosomes are drawn 
with a space between tliem irx order-to show more clearly the method of pairing 
(From Moore ) 

lation cages (Figure 73) A population of Drosophila flies with 
known frequencies of different chromosomal structures is placed in 
the cage, fresh food is introduced it intervals, and the used up food 
removed, from tune to time samples of the larvae are taken, and their 
chromosomes examined under the microscope 

If flies with chromosomes of a given kind were superior in fitness to 
other chromosomal types natural selection would make the popula- 
tion uniform for the favored chromosomal structure In at-tual ex- 
periments this uniformity occurs only rarely More often, the popu 
lation in the cage reaches an equilibrium at which two or several 
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Figure 7 3 A population enge used in studies on the processes of natunl selec- 
tion m experimental populations of Drosophila The cage contains fifteen cups 
with the nutnent medium adapted for raising Drosophila flies m Laboritones 
The cups with used up medium can be remoaed and replaced bs cups with fresh 
food without losing any of the flies in the cage (After Dobzhanshx courtesy 
of Saenti^c American ) 
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kinds of chromosomes occur side by side Now, as shown abo\e, such 
an equilibrium is expected if the inversion heteroz) gotes arc supenor 
in adaptive value to the homozygotes 
Figure 7 4 shows the outcome of an experiment in which a popula 
tion of Drosophila pseudoobscura placed initially in the cage had 10 



Days 

Figure 7 4 Progress of natural selection in a population of Drosophila pseudo 
obscura kept m a populaUon cage (see Figure 7 3) The gene pool of this popu- 
lation contained onginally about II per cent of one kind of chromosome and 89 
per cent of another Tlie bars show a gradual increise in tlie frequency of the 
chromosomes which were originally mre in die populahon and an erveirtual 
attainment of a stable equiUbnum 

per cent of the chromosomes with the gene arrangement called “ST 
and 90 per cent of the chromosomes with the arrangement knoivn is 
CH The graph shows that the incidence of the ST cliromosomes 
in the population rose rapidly (and that of CH declined) However, 
in about 250 da>s after the start of the population (corresponding to 
some ten fly generations), the population reached an equilibrium 
state with approximately 70 pct cent ST and 30 per cent CH chromo 
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somes The changes obsened in this population indicate the follow- 
ing adaptive values for the different chromosomal types 


Chromo'>omal Tvpes 
Heterozvgotes ST/CII 
Ilomozv gotes ST/ST 
Ilomozjgotes CII/CII 


A<Iapt!v c Selection 

\'ilue CoefEcient 

I 00 0 

0 90 «i = 0 10 

0 -il = 0 59 


According to the formula given above (page 143), the population 
IS expected to reach an equilibrium when the ST chromosomes amount 
to q<iT = ^./(si + s.) = 0 85 or 85 per cent of the total The fre- 
quenev of ST chromosomes observed m the experimental populations 
a vear after the start of the selection process is slightly below the 
predicted frequency 

Individuals and Populations as Units of Natural Selection The 
experiment just described raises an interesting problem The outcome 
of natural selection in a population containing ST and CH chromo 
somes has been to establish an equilibrium condition at which the 
population consists of certain proportions of the chromosomal heterozy- 
gotes ST/CH, as well as of the homozygolcs, ST/ST and CH/CH 
These homozygotes, particularly CH/CU possess a low fitness We 
mav say that the CH/CH homozygotes arc afflicted with a grave 
hereditary disease, a fitness of 41 per cent means that the genotype is 
effectively semilethal Natural selection, then causes the appearance 
in every generation of a certain number of genetically crippled indi- 
viduals It seems very strange that natural selection should fail to 
eliminate from the population the unfit genotypes 

The solution of this paradox, however, is simple Let us keep in 
mind that the fittest genotypes in many populations are heterozygotes 
endowed with hybrid vigor But a sexual population consisting en 
tirelv of heterozygotes for a pair of allelic genes or chromosomal struc- 
tures would produce according to Mendels first law a progeny con- 
sisting of only 50 per cent of heterozygotes and 50 per cent of homo- 
zygotes What natural selection does is to establish proportions of the 
genotvpes at which the average fitness of an individual m the popula- 
tion IS the highest attainable one, but the high fitness of the popula- 
tion as a whole is purchased at the pnee of producing some genetically 
unfit individuals (the homozygotes) We arc compelled to conclude 
that with sexual reproduction, it is the Mendelian population, as well 
as the individual which is the unit of natural selection and evolution 
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The liybnd vigor is a very widcsprcnd phenomenon in sexually re 
producing populations of liotli wild and domesticated animals and 
plants Wt shall discuss it in more detail in Chapter 9 The fitness 
of these populations is maintained by natural selection by means of 
mechanisms such as arc described for Drosophila populations 
Chromosomal Races m Drosophda A population of Drosophila 
living in nature, like the experimental populations considered above, 



Figure 7 5 The rclilne frequencies (symbolized by the dimensions of the 
squares) of three different kinds of chromosomes in popiiluions of Drotophth 
p'ieudoohscura which Ine at different elesations in Pit Sum Nevada in or near 
yosennle Park Cahfomii Stippled white and shaded squares represent three 
different kinds of chromosomes The fly popul itiims wliuh occur at different 
elevations are racially distinct 

may be characterized by the relative frequencies of the various chromo- 
somal variants m its gene pool Thus a population of Drosophila 
pseiidoobscura near Mather, in the Stem Nevada of California, con 
tains about 32 per cent of third chromosomes with the gene arrange 
ment called ST, about 19 per cent of the chromosomes with the gene 
arrangement CH about 37 per cent with the arrangement AR, about 
9 per cent with the arrangement TL and the remaining 3 per cent 
with other gene arrangements Smee, as the experiments have shown, 
the flies carrying different chromosomes differ from each other in fit- 
ness the populations which inhabit localities with different climatic 
and other conditions often show distinct differences in composition 
Figure 7 5 illustrates the composibon of the populations of several 
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localities in tlie Sierra Nesada not far removed from Matlier, but King 
at different delations The sizes of the squares simboluc the fre- 
quencies of the different chromosomes, stippled squares represent 
frequencies of the chromosome s with the ST gene arrangement, white 
squares show the frequencies of Aft chromosomes, and cross-hatched 
squares refer to the frequencies of Cl! chromosomes Now, at the 
locality King at the lowest delation above the sta level (on the left 
m Figure 7 5) the ST chromosomes are the commonest, followed by 
Aft, and CH chromosomes are relatively rare As one ascends the 
mountain range (moving to the right in Figure 7 5), the ST chromo- 
somes become progressively less frequent, and Aft chromosomes more 
and more frequent 

The situation observed m the lowlv Drosophila fly is verv instructive, 
for it illustrates tlie nature of races m many sexually reprodiicmg or- 
ganisms including man Consider that the population of the highest 
locality (elevation 10,000 feet above the sea level, the rightmost popu- 
lation in Figure 7 5) is verv different m composition from the popu- 
lation of the lowest locality But Figur< 7 5 shows that localities inter- 
mediate in elevation have populations of intermediate composition 
The frequencies of genes and chromosomal variants in the gene pools 
of adjacent populations change giadually, thev form geographic gradi- 
ents or cfmes 

Geographic Distribution of the Blood Groups m Man The blood 
groups in man reveal a situation remarkably parallel to that shown by 
the chromosomal types in Drosophila As we know, the three alleles 
of a gene T', and T, give four blood groups O, A, B, and AB 
With the exception of some American Indian tribes which are (or 
were before the invasion of the Europeans) uniform for blood group 
O most other human populations contain individuals of all four blood 
tvpes The relative frequencies of the four types, however, are by no 
means uniform, as shown m Figures 7 6 and 7 7 In the Old World, 
the gene 1° is most common m Central Asia and in India, and shows 
descending gradients both wtstward and eastward The gene I' IS 
common in Western Europe in some parts of Africa in Australia, and 
the Blackfeet and Blood tribes of the American Indians (in Montana 
and the adjacent part of Canadi) The gene I" is common every- 
where especially imong the American Indians 

It IS clear that knowing the blood group of an individual human 
being (or the chromosomal constitution of an individual Drosophila 
pseudoohscura) is, with some exceptions, quite insufficient to deter- 
mine his “race or the geographic location of the population from 
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Figure 7 6 Geognphic distribution of tbe gene 
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Figure 7 7 Geognphic distribution of the gene giving rise to the B blood group m imn The gene fre 
iiutnciei jn the Amcncis and in Austnhi refer to the indigenous populations of these continents (After 

Mounnt ) 
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which the individual came For this purpose we must have a sample 
of individuals from a population, and the greater the sample, the more 
exactly can its geographic origin be inferred 
A question may perhaps be ashed at this point Why not divide the 
human species into four races corresponding to the four blood groups, 
or the species Drosophila psetidoohscura into a number of races cor 
responding to the several chromosomal types^ The answer is simple 
brothers and sisters often belong to blood groups (or chromosomal 
types) different from each other and from their pirents For example, 
if the two parents belong to O and AB blood groups, respectively, half 
of their children will belong to A and the other half to B blood groups 
Furthermore, mankind varies not only with respect to the gene 
but with respect to many other genes Thus some people have 
Rhesus positive and others Rhesus negative blood, and this trait is 
determined by alleles of another gene, R/i A person of any of the 
four blood groups, O, A, D and AB, ma> be either Rhesus positive or 
Rhesus negative Human populations are differentiated with respect 
to the Rhesus gene, the Rhesus negative allele being most frequent in 
the populations of Western Europe, particuIarJj among tJie Basques of 
northern Spam and southern France To these must be added several 
other known genes which determine the properties of human bloods, 
the various combinations of which give several thousand blood geno* 
types each of which would have to be considered a separate race 
But there are also many other genes which are van vble m human popu- 
lations the combinations of which are so numerous that no two indi 
viduals are likely to have the same genotype We come, then, to the 
conclusion already stated above races are not distinct individuals or 
genotj'pes, but populations which differ tn the incidence of some genes 
or chromosome structures in iheir gene pools 
The Problem of ‘ Neutral” Race Differences Human races charac 
tenzed by blood group frequencies differ m an important respect from 
the chromosomal races in Drosophila discussed above In Drosophila 
some of the chromosomal types are adaptive!) superior to others in 
certain environments and the chromosomal races are adapted to the 
environments of the territories in which they occur But m min there 
IS little wholly convincing evidence that the differences between hii 
man races are or are not adaptive Is the straight thick h-ur charac- 
teristic of the yellow race best suited for living m Asia, the thinner 
straight, wavy, or curly hair of the white race for living in Europe, 
and the kinky Negro hair for living in Africa^ Is there any advantage 
in having the thick Negro lips m Africa, and thmner lips in Europe 
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and Asn^ Why should round (brachvcephalic) heads be common 
imong the inhabitants of Central Europe and long (dohchocephahc) 
heads among the northern and the southern Europeans'^ The dark 
shin color of many human populations appears to be advantageous 
for living in hot climates, and the light color in temperate climates 
And yet, although sunburns are health hazards, most persons of the 
white race develop the protective suntan easily enough and can vvitli 
stand exposure to the tropical sun There is a possibility that pale 
sUn colors are advantageous when sunshine is scarce, because the} 
facilitate the formation in the organism of the protective antirachitic 
vitamin D The evidence for this is, however, not decisive 
Many races of animal and plant species differ from each other in 
colors, m proportions of some bod> parts, and m other traits which 
do not seem to facilitate the survival or n production of their earners 
in the environments m which ihcv occur Some zoologists and bot- 
anists accordingly believe that many, or even most, race differences 
are adaptivel) neutral— they neither help nor handicap thcir possessors 
There even was an opinion which for some years vvis current among 
both biologists and anthropologists, that the traits used to distinguish 
and to classify rac< s and species should be adaptively neutral Adap 
lively significant differences are so the argument ran, too easily modi 
fied by the environment and consequently not reliable as basis of 
classification But if the diffeiences between races and species arc 
adaptively neutral, how could thev be established bv natural selec- 
tion, which perpetuates useful and eliminates harmful traits? Those 
who believe that organic evolution is brought about chiefly througli 
the action of mutation, gene recombination, and natural selection are 
incUncd to think thnt most race and species differences are adaptive, 
or at least w ere so at the time when these races and species were in 
the process of formation 

The plain truth is that little research has been done to studv the 
possible effects on fitness of the genetic differences among individuals 
within human populations or between the populations (races) All 
too often it has been assumed that all normal human beings function 
very nearly similarly This typological thinking has doubthss pre- 
vented the discovery ol the adaptive significance of numerous human 
traits It should be remembered that even slight selective advantages 
may be important in evolution If the possessors of darker skins pro- 
duc< , m the tropical climates an average of 101 surviving children for 
every 100 children produced by persons with lighter skins, the tropical 
countries w ill ev entually bo populated by dark races 
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Furthermore, selective ndvantages need not necessarily be evpressed 
in robust health Suppose that m certain cultures the possessors 
of curly hair will be sexually more attractive to the opposite sex than 
individuals with straight hair This preference might lead to the 
formation of a race with curly hair 
Finally, the externally visible racial “traits** may be only outward 
“marks of physiological difTcrcnces which are important m adapta 
tion As pointed out in Chapter 2, a gene dilFerence often produces a 
whole complex of traits, some more and others less striking to an ob- 
server’s eye An excellent example of such a manifold effect of genes 
has been discovered in the common garden onion by Walker and his 
collaborators (see Chapter 5) The resistance or susceptibility of the 
onion bulbs to smudge (a parasitic fungus) is determined by the pres 
ence or absence m the onion scales of certain chemical substances 
(catechol and protocateclmic acid) White onions do not contain 
these substances and arc susceptible to the smudge, colored (red or 
purple) onions art resistant The color of tlie onion bulb is known 
to be determined by several genes Is, then, the color of tlie onion 
bulb adaptive!) important? It may well be that being white or pur- 
ple IS of no importance to the welfare of the plant However, the 
color genes also cause resistance to smudge infections, and this re 
sistance may be very important for the plants growing in localities in 
which these infections occur It is most probable that many allegedly 
“neutral genes in man will be found to induce physiological charac- 
teristics of importance in health or disease 

Fxperiments on Mountain and Valley Races of Plants Although 
we are often unable to see the selectwe advantages of racial traits, 
there is no doubt that the process of formation of races in general 
serves to adapt different populations of a species to live in the environ- 
ments of different countries in wihich these populations occur Ex- 
periments bearing on this problem have been made on races of certain 
California plants by Clausen, Keck, and Hiesty' 
higure 7 8 shows races of yarrow (Achillea) from different parts of 
California The race growing on the humid Pacific Coast near San 
Francisco is a compact plant, with a thick stem, which grows through- 
out the year, includmg the mild iwinters in the maritime climate of this 
race In the hot and dry interior valley of California there is a race 
consisting of very tall plants with gray pubescent leaves, which grow 
chiefly during the winter and spring seasons when there is some ram, 
and are dormant during the long ramless summer In the forest belt 
of the Sierra Nevada grows a relatively tall race with a slender erect 
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stem Because the winters in its native habitat are severe the plants 
become dormant when the weather turns cold, and the active growth 
and flowering occur during the spring and summer Finally, in the 
high alpine zone of the Sierra Nevada is a dwarf race which is able 
to grow, flower, and mature its seeds during the very short mountain 
summer and to remain dormant over the long cold season 
The question which naturally arises is this To what extent are the 
differences between the races of yarrow due to diversity of their geno- 
types, and to what degree are they induced directly by the environ- 
ments which these races inhabit? With yarrows, this question can be 
resolved by experiments more conclusively than is possible with hu- 
man rac(S A varrow plant can be cut in two or several parts, the 
parts mav be replanted in soil, where thev continue to grow and 
eventually flower The parts hwe the same genotype, they ate mem 
hers of a clone The differences which may appear among the plants 
growing from parts of the same individual replanted m different lo- 
calities are due to the environments of these locdities In the expen 
ments of Clausen Ktcb and Hicsey, individuals of the different races 
of yarrow were subdivided, each into three parts, and the parts were 
replanted in three experimental gardens One of the gardens lies in 
the coastal region of California, the second, at a moderate elevation 
abovi the sea level m the forest zone of the Sierra Nevada, and the 
third high in the alpine zone of these mountains 
The coastal race of the yarrow planted in the forest zone of the 
mountains is forced into dormancy during the winters, grows slowly 
during the spring and the earlv summer, and flowers much later than 
the native race does The coastal race is usually hilled in the alpine 
zone during the first winter, and it never develops flowers, the geno 
type of the coastal race may be said to be lethal m the alpine zone 
The race native m the forest zone of the mountains grows quite tall 
when planted in the coastal garden, but about two thirds of the indi- 
viduals become dormant during winter In the alpme garden tins race 
shows a variable behavior some individuals die, others grow only 
slowly and still others grow tall and come into flower, although too 
Utt m the season to ripen seed Finally, the alpme race can grow 
and flow er at both the coastal and the mountain gardens, but it is the 
only race which is able to cope successfully with the rigors of its 
native habitat On the coast and in the forest zone the alpine race is, 
however much vveaher than indigenous plants 
There is no doubt, then, that the yarrow races have different heredi 
tary endowments On the other hand, both the external appearance 
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F urthennorc, selective advantages need not necessarily be expressed 
in robust health Suppose that in certain cultures the possessors 
of curly hair will be sexually more attractive to the opposite sex than 
individuals with straight hiir This preference might lead to the 
formation of a race with curly hair 

Finally, the cxtcrmlly visible racial “traits’* may be only outward 
“marks of physiological differences which arc important m adapta 
tion As pointed out in Chapter 2, a gtnc difference often produces a 
whole complex of traits, some more and others less striking to an ob 
servers eye An excellent example of such a manifold effect of genes 
has been discovered in the common garden onion by Walker and his 
collaborators (see Chapter 5) The resistance or susceptibility of the 
onion bxilbs to smudge (a parasitic fungus) is determined \jy the pres 
ence or absence m the onion scales of certain chemical substances 
(catechol and protocatccluuc acid) White onions do not contain 
these substances and arc susceptible to the smudge, colored (red or 
purple) onions arc resistant Tlie color of the onion bulb is known 
to be determined by several genes Is then, the color of the onion 
bulb adaptively important? It mav well be that being white or pur 
pie IS of no importance to the welfare of the plant However, the 
color genes also cause resistance to smudge infections, and this re 
sistance may be very important for the plants growing m localities in 
which these infections occur It is most probable that many allegedly 
“neutral genes in man will be found to induce physiological charac 
tenstics of importance in health or disease 

Experiments on Mountain and Valley Races of Plants Although 
we are often unable to see the selective advantages of racial traits 
there is no doubt that the process of formation of races in general 
serv es to adapt different populations of a species to live m the environ 
ments of different countries in which these populations occur Ex- 
periments beanng on this problem have been made on races of certain 
California plants by Clausen, Keck, and Hiesey 

Figure 7 8 shows races of yanow (Achillea) from different parts of 
California The race growing on the humid Pacific Coast near San 
Francisco is a compact plant with a thick stem, which grows through 
out the year, including the mild winters in the maritime climate of this 
rate In the hot and dry intenor valley of California there is a race 
consisting of very tall plants with gray pubescent leaves, which grow 
chiefly during the winter and sprmg seasons when there is some rain, 
and are dormant during the long rainless summer In the forest belt 
of the Sierra Nevada grows a relatively tall race with a slender erect 
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Figure 7 8 Hace« ol yarrow (Achillea) !rom C.»hlomla The upper middle and 
lower horizontal rows represent plants nitivc in the olpuie zone in the mountains 
at mid altitudes in the mnimtains and in the \alUy respcctnelv The vertical 
row on tlie left shows tliese plants is they oppoaf when grown in an erpenment il 
garden at the sea level in the middle the plants grown in an experimental garden 
at a moderate altitude (4800 feet above sea level) on the right the plants grown 
in the alpine zone (10 OOO feet above sea level) These pictures show then the 
norms of reaction of three races as manifested in three different environments 
( Courtesy of Dr M Hiesey ) 
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body has a relatively smaller body surface than a smaller body of the 
same shape The bod> surface loses heat by radiation and by convec- 
tion, accordingly, a relatively small body surface will be favored in 
cold climates, and a large body surface in hot climates We need only 
to recall the discomfort felt m our ears in very cold weather to under- 
stand that relative reductions m size of such protruding body parts 
as ears, legs, and tails will be favored by natural selection in cold 
climates In hot climates, on the contrary, these protruding body 
parts will facilitate the cooling of the body 
Major and Minor Races Authorities in anthropology often disagree 
on just how many races compose mankind Two to more than two 
hundred races have been distinguished by different specialists in race 
studies So wide a divergence of opinion arose because race differ- 
ences are quantitative rather than qualitative Some races differ very 
slightly, others are quite distinct (see Chapter 13) 

We have seen that the populations of Drosophila pscudoohsctira 
which live at different elevations in the Sierra Nevada of California 
differ in the incidence of certain chromosomal structures (Figure 7 5) 
The same kinds of chromosomal structures occur at all elevations, al- 
though in different proportions Much greater differences have been 
found between populations of this species of fly in California and in 
central Mexico Most chromosomal structures which occur in Cali 
forma do not occur in Nfexico, and vice versa, those which do occur 
in both regions have different frequencies It can be stated that popu 
lations which live at different elevations in the California mountains 
are racially distinct from eich other Populations of California are 
racially distinct from populations of Mexico, but the differences be- 
tween the California populations are much smaller than those be- 
tween California and Mexico populations 
In man, the native populations of Europe (white), of central Africa 
(Negro), and of central Asia (Mongoloids) are obviously different, 
ev en to a superficial observer The populations of different European 
countries are also different, but much less stnkinglv so All these 
populations are raciallv distinct Should we conclude that there exist 
major and minor races^ In a xvay this is a correct description of 
the situation but we must emphasize that there are also all possible 
transitions between very slightly and very strongly marked racial dis- 
tinctions Race differences of all magnitudes may be encountered 
To a classifier of races this fact creates great difficulties, since it makes 
agreement on the number of races to be recognized virtually unattain- 
able To an evolutionist, however, die same fact is most significant 
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nncl the physiological functions of individuals of each race are pro 
foundly modified by tnnsphntation to foreign environments, as Figure 
7 8 clearly shows It is neither heredity alone, nor the environment 
alone, which makes a yarrow race what it is It is the developmental 
pattern engendered by a certain heredity in a certain environment 

Some Rules of Racial Variation If wo examine races of several 
more or less related species inhabiting the same country, some re 
semblances between them are often noticed For example, many 
species of beetles arc represented m Arizona and m California by races 
which are colored more hglitlv than the races of the same species in 
the humid Pacific Northwest and in western Canada It is as though 
the inhabitants of a given country followed a common 'style" The 
existence of such styles or trends was noticed by zoologists and hot 
anists of the past century They interpreted these observations in a 
way which is not acceptable at the present time they assumed that 
the geographic environment directly alters m some mysterious way 
the genotypes of diverse organisms Tlic problem has been re exam 
ined more recently by Renscb, Mayr, and others These investigators 
concluded that some, and probably all, rules of racial variation result 
from parallel development by natural selection of analogous adapta 
tions m different species of organisms 

It IS easy to see that natural selection in cold climates will favor in 
diverse animals adaptations which minimize the heat loss, m hot cli 
mates arrangements will be favore<l which facilitate the cooling of the 
body Accordingly the races of many mammals that live in cold 
countries have longer but finer fur than races of the same species m 
hot countries Thus for the mountain hon (puma) in tlie relatively 
cool climate of the mountains of Mexico the mean lengtli of the hair 
in the pelage is about 31 millimeters, whereas for the race of the 
same species in the equatorial climate of the Amazon valley the mean 
hair length in the comparable part of the pelage is only 12 millimeters 
The European fox has fur 46 millimeters long in eastern Germany, and 
m subtropical Algeria only 39 millimeters The otter fur in eastern 
Germany is 23 millimeters long, and in tropical Ceylon only 15 milli 
meters long 

Races of many animals (warm blooded as well as cold blooded 
ones ) which inhabit cold climates tend to be larger in body size than 
races which hve in warm countries Moreover, races of warm blooded 
animals in cold countries have relatively shorter tails legs, ears, and 
beaks than the inhabitants of warmer climates The biological sig 
nificance of these rules is understandable if we consider that a larger 
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\enifnce and common sense For some purposes, for example for an 
( lementary course of anthropology, it is better to recognize only a small 
number of major’ races For a detailed study of the inhabitants of 
a country a finer subdivision may be called for The liuman species, 
and other species, contain as many races as we see fit to distinguish 
(see Chapter 13) 



Figure 7 9 Races of tlio golden wliisilcr (PachyiepJiulu pcctoralis) which Ine 
on difictenl islands of die Sotoxnon AichipoUgo in tropitaf Pacific ( After Mayt ) 


How ever there is a biological phenomenon which may be made use 
of in Older to make the racial groups more objective than they would 
otherwise be One of the major difficulties with race classifications 
has been that, although the geographically remote populations are 
clearly distinct the intermediate populations connect the extremes by 
insensible gradations As we have seen, these gradations are due to 
the existence of gene gradients or dines It frequently happens, how 
ever that the gradients arc not even thev do not consist of so 
much percentige increase, or decrease, of gene frequencies per every 
mile or every hundred miles traveled Instead, in some geographic 
regions the gradients are more abrupt, in others they are less steep 
For example the human populations which reside on the two sides of 
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It shows tint race formation rs 'x gradual process, which leads to a 
progressive divergence of populations In response to tlie cnvironmen 
tal differences encountered in the territories which those populations 
inhabit 

Are Ilnccs “Real" or "Man Made"? Tlic abuse of the race concept 
by politicians has made many people sVcplical of the usefulness of 
distinguishing any races at all Indeed, do races actually exist as bio 
logical entities? Or are races arbitrar) suhdnisions which anthro- 
pologists and biologists have made for their own convenience? A 
proposal has also been made to abolish the term "race" altogether, 
and to distinguish Instead “ethnic groups" in the human species The 
argument m favor of (his course is that the word "race* has become 
charged with too much emotion and prejudice 

It may well be doubted whether race prejudice can be effectively 
combated by calling races ethnic groups or by some other names A 
better way would seem to be to explain to people the elementary 
biological facts underlying tlie scientific race concept It is a plain 
fact, obvious to an> reasonable observer, tliat mankind consists of 
populations, chiefly allopatnc ones, which differ in the incidence of 
various genetic characters The genetic differences between human 
populations are of the same kind as can be observed between races 
or subspecies of domestic and wild species of animals and plants 

How Many Races? Much of the misunderstanding surrounding the 
concept of race is due to people s confusing two logically and metliodo 
logically separate problems The first problem is a biological one and 
it may be presented as a question ‘Are the populations which inhabit 
certain countnes genetically, and hence racially, distinct?" The second 
problem is a question of classification and nomenclature “Do certain 
populations differ sufficiently to deserve being given different names^” 
The first problem can, with adequate study, be solv ed quite objectiv el> 

If the populations in question do differ in the incidence of some 
genetic variants in their gene pools they are racially distinct Race 
differences are manifestly real and ascertainable facts But the dif- 
ferences between the fly populations of adjacent sections of a forest 
or between human populations of neighboring towns or districts, are 
very small, the differences between remote populations are large It 
would be most mconvement to give a separate racial name to every 
local population and would merely burden the scientific literature 
It IS then, up to the investigator to decide how great should the racial 
differences be to justify giving them names It is arbitrary how many 
races we distmguish m a species or rather it is a matter of con- 
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svmpatnc, illopatric, and temporal le\els has an important biological 
function to perform m making the populations adapted to live m dif- 
ferent environments No genolvpe is perfect, in the sense of making 
its earners ideall> adapted to li\e m all possible environments A 
genot)pe mav be superior to others m a certain environment but in- 
ferior in other environments A genetically uniform species would be 
able to exploit successfully only a few ecological niches available in 
the terntorv where it lives A polymorphic species can occupy a 
greater number of habitats A species differentiated into races, other 
things being equal, may occupy a greater territory than a single race 
could And a species which alters its genetic constitution when the 
environment changes, again other things being equal, is more likely to 
endure than a rigidly fixed species It is most probable that, on the 
human level the polymorphism within and the race differences be- 
tween, the populations have furnished the creative leaven for the cul 
tural development of mankind 

Suggestions for Further Bending 

Mayr E 1942 Si/sfcnuifics and the Origin of S)kcic^ Columbia University 
Press New ^ork 

This work has played in important role in achieving a synthesis of zoological 
systematics with the modern theory of evolution which was originally based 
chiefly on the findings of genetics A pirallel but more inclusive work dealing 
with botanical systematics is Stebbins book quoted among the suggested readings 
in Chapter 6 The books by Andrewartha and Birch and by Dobziiansky also 
quoted in Chapter 6 may also be useful for understanding the race and species 
concepts as used in modern biologv 

Clausen J 1951 Stages m the Etoltilton of Plant Species Cornell University 
Press Ithaca 

Clausen J Keck D D and Hiesey W M 1948 Experimental studies on the 
nature of spcciei III Environmental responses of climatic races of Achillea 
Carnegie Institution of Washington Publication 581 
Dobzhansky Tli and Epling C 1944 Contnbutions to the genetics taxonomy 
and ecology of Drosophila pseudoobscura and its relatiies Carnegie Institution 
of Washington Publication 554 

Lack D L 1947 Darnms Finches Cambridge University Press London 
Patterson J T and Stone W S 1952 EiAjlation of the Cenus Drosophila 
Macmillan New York 

These five books (Clausen to Patterson and Stone) describe expenmental and 
observational studies on races and species of organisms which are particuhrly 
favorable for such studies 
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the Himilaja Mountains or those living north and south of the Sahara 
Desert are fairly distinct Tlic reasons for this arc not far to seek 
Not only is the environment likely to be rather different on the hvo 
sides of a major geographic bamer, but such a hairier impedes the 
tra\el and migration between the populations winch it separates The 
racial divergence, then, is accelerated by geographic barriers The 
race classifier turns this situation to his advantage bj making his di 
vidmg lines between races or subspecies coincide with the zones of 
the steep gene gradients Tlic Himalayas separate the Hindu branch 
of the white race (or the Hindu race) from the yellow race, the Sahara 
separates the white and the Negro races 

Genetic Differences and Adaptation To some people uniformity 
has a considerable emotional appeal, especially where man is involved 
To gratify this emotion, J J Rousseau (1712-1778) invented his theory 
of tabula rasa,” according to which a newborn infant is a “blank 
page” on which environment and education write this or that story of 
the individuals life Somewhat similar views have more recently been 
espoused by the behaviorist school of psychologists, as well as by 
certain fashionable CKpononts of psychoanalysis and cultural antliro* 
pology 

In part, the appeal of all these variants of the tabula rasa” theory 
IS due to the confusion of biological umfonnity with social, legal and 
religious equality Tlie idea of equality is certainly precious since it 
IS the basis of democracy and of humanitarian thinking in general But 
this idea is derived not from biology but from the Christian tradition 
which is the basis of Western civilization People are most certainly 
not biologically alike but they need not be so in order to be equal 
before the Law and before God In fact, democracy may be regarded 
as an arrangement which permits unhke and yet equal persons to live 
together and to collaborate for the good of society and of mankind 
(see Chapter 14) 

It is an ascertainable fact that the human species, as well as probably 
all other sexually reproducing species, show a greater or lesser amount 
of genetic diversity This diversity js expressed within a Mendelian 
population m genetic differences among individual members of a breed- 
ing community It is expresseil in space by formation of allopatric or 
geographic races or subspecies, and it is expressed m time m changes 
which Mendelian populations undergo from generation to generation 
m the process of evolution 

There can be no doubt that most of die organic diversity in the 
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Darwin’s great book was entitled The Origin of Species (the full 
title was rather more ponderous On the Origin of Species hij Means 
of Natural Selection, or the Preservation of Favoured Paces tn the 
Struggle for Life) Darwin knew as well as an>bod> that formation 
of races and species is onls a part of the grand stor> of evolution The 
origin of species however was of crucial importance in Darwins day, 
because of the current view that species were created entities which 
could not be produced bv natural processes 
In a different way, species formation is also regarded as a critical 
stage of the evolutionary process in modern theories Rac es of a spe. 
cies are populatior^ vvlnch can and often do cross and exchange genes 
Hybridization of races may and sometimes does lead to their fusion 
m a single population Tins has actualK happened, for example, to 
some human races, the members of which intermarried so frequently 
that the races disappeared as separate Mtndehan populations Races 
are genetically open systems, and the divergence of races is a re 
virsible process it can be undone by hvbridizalion Species, on the 
other hand arc genetically closed sv stems, since they exchange genes 
rirely, or not at all Evolutionary divergence of Mendelian popula- 
tions tends to become irreversible once the species level is reached 
For example, man and chimpanzee are most unlikely ever to exchange 
genes or to form a hvbrid population 
A minontv of modern evolutionists, among whom Goldschmidt is 
most prominent, bcliev t that the known factors of evolution— mutation 
gene recombination selection, and genetic drift— account only for 
“microcvolution, which is usually equated with race formation Other 
165 
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Count, E W (Editor) 1950 This Is Race Scliumann New York 
This IS nn anlliology of anthropological wntings concerned with the race con 
cept ns applied to man With some cTceplions, the writings included belong to 
the pregenelical period 

Boyd, W C 1950 Cenclics and the Races of Man Little Brown Boston 
Application of the gcnctical concept of nee to man 

Coon, C S , Cam, S M and DlrdscII J B 1050 Races a Study of the Proh 
lems of Race rormallon in Afan Ch Thomas Springfield, III 
A classification of human races and a discussion of the possible adapthe sig 
nificance of human racial characteristics 

Origin and ecohiifon of man 1950 CoW Spring Harbor Symposia on Quantita 
tloc Biology, Volume 15 

The volume contains articles b> thirty seven authors dealing with the prob- 
lems of human polymorphism race fonnation and other aspects of human evo 
hition 
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S)’nipatric species are usuall> quite discrete, no individuals intermedi 
ate between the species being found If we collect animals or plants 
for example in the \iciniU of New \ork, we usuallj find little diffi 
culh in classihinij the specimens into clear-cut species Tlie gaps 
between the species appear to be absolute and unbndgeable To such 
species the h) pothesis of constancj seems to appK reasonabb well 

The late eighteenth and the nineteenth centuries were the times of 
rapid geographical exploration of the world Collections of animals 
and plants were made in near and remote lands and were deposited 
111 the museums of Europe and of Amenca Zoologists and botanists 
had more and more allopatnc (page 137) forms of life to classify 
Here difficulties began to arise and to multiplv, until the successors 
of Linnaeus saw themselves forced to abandon the idea that species 
are fixed 

We have seen, in Chapter 7, that populations of the same species 
"hich live in neighbonng territories usual!) differ onlv slightlv in the 
incidence of some genes and of bodil) trails which these genes de- 
termine Rices found in remote temtorics, or in territories which are 
separated bv barriers making migration difficult, ma) be more sharply 
distinct If we knew onl) the native inhabitants of Europe and of 
central Africa, they would appear to us very different But if we 
stud) people in all parts of the world we find all kinds of races 
intermediate between those of Europe and central Africa Remote 
races of many species differ even more than remote human races In 
fact, remote races of a species may appear about as distinct as 
separate species 

Lamarck, whose long life was spent in classifying species of plants 
and animals, was perhaps the first to see clearly that a new working 
hypothesis was demanded by the new evidence This hv pothesis was 
that species evolve from races Races and species are stages in the 
evolutionary divergence produced by the adaptation of the organisms 
to their environments Lamarcks contemporaries were not convinced 
that so radical a hypothesis was necessary but some thirty years later 
Darwin came to the same conclusion In all these sevenl respects the 
species of large genera present a strong analogy with varieties And 
We can clearly understand these analogies if species have once existed 
Jis varieties and have thus onginated, whereas, tliese analogies are 
utterlv inexplicable if each species has been independentlv created ” 

It IS at this point immaterial that Lamarck and Darwin had different 
'lews concerning the processes which bring about the formation of 
new races and species Lamarck thought that new races and species 
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and as yet unknown, processes should explain ‘'inacToevohttion'*-^the 
origin of species and species groups 

Hypothesis of Constancy of Species Living beings seem infinitely 
variable, no two individuals are completely alike But the variation 
IS not entirely haphazard, since on closer accjuamtance living creatures 
arc seen to fall into discrete groups Everyday language recognizes 
the existence of these discrete groups, refers to them as kinds” of am 
mals or of plants, and gives to each kind” a v emacular name— cat, lion 
tiger, jaguar, and puma (mountain hon), etc Linnaeus (1707--1778), 
the father of system<atic biology, called the ‘kinds” species, and gave 
to each species known to him a name m Latin The species referred 
to above are Fchs mamcitlata, rdts Ico, FeUs Hgrts, Fehs onca, and 
Fehs concolor, respectively 

The belief m constancy of species was not accepted by everybody 
before Darwin Weirdest transformations of species were often cred 
ited Greek and other mythologies are full of stories of gods trans 
forming themselves or men into animals and back into men or gods 
Theophrastos in ancient Greece, Phny in ancient Rome, Albertus Mag 
nus in the thirteenth century, Paracelsus m the sixteenth, Telliamed 
in the seventeenth, and Lysenko in the twentieth, all believed in trans- 
formation of one species into another They thought tliat wheat occa- 
sionally produces rye or barley that fishes turn into birds, etc Oppian 
(third century Rome) reached the peak of absurdity he bebeved 
that the ostrich arose from a cross between a camel and a sparrow 

Linnaeus faced the enormous task of classifying the organisms and 
making the immense variety of living forms intelligible To him, the 
species was the elementary unit of classification, and supposing that 
this unit was fixed and unchangeable was a tenable opinion He stated 
this opinion in his famous dictum “Species tot sunt, quot diversas 
formas ab initio produxit Infinitum Ens (Species are as many as were 
produced at the beginning by The Infinite) It is important to real 
ize that in Linnaeus s day such a view did not appear contrary to facts, 
as it so clearly does now 

Development of the Species Concept from Lmnaeus to Darwin In 
1758 Linnaeus knew 4235 species of animals At present approximately 
1,000 000 animal and about 265 000 plant species have been described 
Furthermore, Linnaeus worked mostly m Sweden and in other coun 
tries of northwestern Europe, and his collections came naturally from 
that part of the world, with only a scattenng of specimens from other 
countries In other words, Lmnaeus worked chiefly with sympatric 
(page 137) species It happens that, for reasons explained below, 
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s>nipatricalK, in tlie same temtor> BiologicalU , this is an unusual 
situation, since races of sexual and cross breeding organisms are nor 
mall) allopatric, but it is casv to see how it happens In man the 
biological urge to mate is channeled b) social custom The regiila 
lion of marriage bj custom has the biological result of slowing down 
the exchange of genes between different mating groups, sucli as social 
or economic classes and s> mpalnc or allopatric races In domesticated 
animals and plants the control of reproduction is exercised b) man 
Consider the races (breeds) of dogs, many of which live s\mpatricall\ 
The gene exchange between them is restricted or prevented by man 
When this restriction is weakened, the once separate sympatric races 
fuse into a single vanable race— the mongrel 
In the state of nature the gene exchange between races of sexual 
organisms is limited b> distance, by separation in space, by gcogran/nc 
eolation This is why most races are allopatric Neighboringnllo- 
patric populations usually interbreed more or less frequently, but the 
diffusion of genes from one race to other remote races is slow enough, 
so that the races remain distinct Migration or dilTusion of genes tends 
to make populations or races comerge, natural selection and genetic 
drift tend to make them diverge Actual convergence or divergence 
depends upon which of these factors get the upper hand 
Different, even closely related, species are often sympatnc For 
example, Patterson and Stone found that about fortv species of Dro 
sophila live together in one locality near Austin, Texas Nevertheless, 
liybrids between these species are rare or absent Why do races 
ybridize and exchange genes wherever possible, whereas species do 
not'’ The answer is that gene exchange between species is prevented 
>> a variety of causes, known collectively as reproductive isolating 
mechanisms, in addition to geographic isolation which mav or may 
not be present 


Distinct species may live either in the same or in different terri- 
tories, both sympatnc and allopatric species are common The ex- 
change of genes between sympatnc species is limited or prevented by 
reproductive isolation, tint between allopatric species, by geographic 
as well as by reproductive isolating mechanisms For example, the 
'vild ancestors of the domestic horse and of the domestic ass may have 
^een in part sympatnc Under domestication, hybrids between them, 
mules, can be obtained, but mules are almost invariably sterile Gene 
exchange between the populations of horses and asses is absent The 
species are reproductively isolated On the other hand, wild horses 
and zebras were allopatric species, smee the former occurred, m his 
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were formed chiefly tlirough inhcntincc of the results of use and dis 
use of organs, whereas Darwin considered natural selection to be the 
most effective agent The) agreed that the absence of any dividing 
lines between races and species shows that races arc incipient spe 
cies Thus the difficulty of making clear cut classifications, which 
syslematists found so annoying m their work, became the foundation 
of probably the greatest discovery which biological science has yet 
made 

Theory of Geographic Spcciation Although Darwin was quite 
familiar with species composed of geographic races, it rqmaincd for 
his successors to develop a theory of geographic species formation 
(speciation ) This theory was stated by M Wagner ( 1868 and later), 
Jordan (1905), and in our day by Rensch (1929) and by Mayr (1942) 
Any species tends to spread over the surface of the earth into all 
territories where it can live Populations of a species may thus be 
exposed to different climatic or soil conditions, to different predators, 
parasites, and diseases, and gencrall} to varying environments 
Through natural selection, populations respond adaptively to the 
environmental differences, by becoming genotyTUcally and pheno 
typically differentiated into races or subspecies It stands to reason 
that geographically remote territories are likely to have more shaiply 
different environments than adjacent lemtones Accordingly, remote 
territories are likely to be inhabited by most distinct races Some of 
the allopatric races may gradually become very different m genetic 
structure and in external appearance from other races If and when 
this happens, the single ancestral species breaks up into two or sev 
eral derived species When the new species are fully formed, they 
may invade each other s territories, come to h\ e side by side, and thus 
become sympatne species 

Most biologists are now agreed that the usual method by which one 
species may split up into two or more species is by way of divergence 
of geographic races Whether this is the only method is questionable 
Some investigators believe that populations may differentiate and 
become species by becoming specialized to eat different foods or to 
grow on different soils m the same temtory sympatrically It is, 
indeed, probable that such sympatne species formation occurs m 
organisms which are able to reproduce asexually or by self-ferbliza- 
tion Species formation by allopolyploidy (Chapter 9) is necessarily 
sympatne 

Geographic and Reproductive Isolation Different races of man 
qnd different breeds of domesticated animals and plants often live 
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sympatncally, m the same territory Biologically, tins is an unusual 
situation, since races of sexual and cross breeding organisms arc nor 
ma!I> allopatnc, hut it is easy to see how it happens In man the 
luological urge to mate is cliannelcd bv social custom Tlie rcgula 
tion of marrnge by custom has the biological result of slowing down 
the evehange of genes between different mating groups, such as social 
or economic classes and s> mpatne or allopatnc rates In domesticated 
animals and pi ints the control of reproduction is evcrciscd by man 
Consider the races (breeds) of dogs, many of which live s>mpatrically 
The gene exchange between them is restricted or prevented by man 
When tins restriction is weakened, the once separate sympatnc races 
fuse into a single variable race— the mongrel 

In the state of nature the gene exchange between races of sexual 
organisms is limited by distance, by separation m space, by fi cograyh ic 
isolation This is why most races ire allopatnc Neighboring alio 
patric populations usually interbreed more or less frccpicntly, but the 
diffusion of genes from one race to other remote races is slow enough 
so that the races remain distinct Migration or diffusion of genes tends 
to make populations or races converge, natural selection and ginelic 
drift tend to make tlicm diverge Actual convergence or divergence 
depends upon which of these factors gel the upper hand 
Different even closely related, species are often sympatnc For 
example Patterson and Stone found that about forty species of Dro 
sophila live together m one locality near Austin, Texas Nevertheless, 
hybrids b< tween these species are rare or absent Why do races 
hybridize and exchange genes wherever possible, whereas species do 
not"^ The answer is that gene exchange between species is prevented 
by a vanely of causes, known collectively as reproductive isolating 
mechanisms, in addition to geographic isolation which mav or inav 
not be present 

Distinct species may live either m the same or in different terri- 
tories both sympatnc and allopatnc species are common The ex- 
change of genes between sympatnc species is limited or prevented b\ 
reproductive isolation that between allopatnc species, by geographic 
as well as by reproductive isolating mechanisms Tor example, the 
wild ancestors of the domestic horse and of the domestic ass may have 
been in part sympatnc Under domestication, hybrids between them, 
mules can be obtained, but mules are almost invariably sterile Gene 
exchange between the populations of horses and asses is absent Th( 
species are reproductively isolated On the other hand, wild horses 
and zebras were allopatnc species, since the former occurred, m his- 



170 Species 

toncal times, in Europe and Asia and the latter m Africa (Chapter 9) 
Hybrids between domestic horses and zebns are known, but they are 
sterile Horses and zebras could live in the same territory as sym 
patric species, althouRb tliey did not actually do so, as far as knosvn 



Figure 8 1 Geographic distribution of tivo closely related species of flies Dro- 
sophila pseudoobscura and Drosophila perstmtbs 


Keproducltve Isolation between Two Species of Drosophila Dro- 
sophila pseudoobscura and Drosophila persimihs are very closely re- 
lated species They live together, sjrmpatncally, over a large territory 
from British Columbia to the mountains of California D pseudoob 
scura occurs alone in a much larger territory, extending to the Rocky 
Mountains, Texas, Mexico, and Guatemala (Figure 81) 

Where the species are sympatric they show some ecological or 
habitat isolation, that is, preference for different habitats D pseudo- 
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Two Species of Drosophila 

obsctira IS more frequent in wanner and drier locations, and at lower 
elevations in the mountains, than D perstmihs The habitat isolation, 
however is incomplete, and m man} places the two species occur side 
by side Their hybridization is impeded, however, b\ sexual isolation, 
that IS, by preference for mating within, rather than between, the 
species, as can be demonstrated by a simple experiment A mixture 
of virgin females of both species is exposed to males of one of them 
The males inseminate a greater proportion of females of their own 
than of the foreign species (Table 81) If females of either species 

TABLE 8 1 

Sexual Isolation between Drosophila pscmloobscura and Drosophila persimihs 

(Equal numbers of females of the two species were exposed to males of one of 
them Ihe numbers sliow tlie pertentapes of the females uisemmatcd and left 
Mrpin in such exiicnmeots ) 


\. Females 

pseudoobscura 

persimths 

Males 'v 

Inseminateil 

^ irpin 



pseudoobscura \ 

84 S 

15 7 

7 0 

93 0 

pcTsunxlis 

22 5 

77 5 

79 2 

20 8 


are offered a choice of mating with males of both species they mate 
with conspecific males much more frequently than with foreign males 

Observations in nature have shown that under natural conditions 
the sexual isolation between the species is even stronger than the 
experimental data in Table 8 1 might suggest Females inseminated 
by males of foreign species are exceedingly rare This fact may be 
due in part to an cthological isolation the two species being somewhat 
different in behavior D pseudoobscura is relatively more active dur- 
ing the afternoon and D perstmths during the mormng hours Yet, the 
ethological isolation (of which sexual isolation is a part) is also in 
complete, since some individuals of both species fly both in the morn- 
ing and in the afternoon 

Hybrids between D psetidoobsoura and D pcrsimihs can be rather 
easily obtained m laboratory cultures, if females of one species are 
confined w ith males of the other The hybrid flies of both sexes are as 
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vigorous as the pure species, just as mules arc not inferior m vigor 
either to horses or to donkeys Again, like mules, the hybrid male flies 
show a complete hybrid stcrihty Tliey fail to produce any functional 
spermatozoa, on account of gross disturbances in their reproductive 
cells (see page 206) Die female hybrids, on the contrary, are fully 
fertile, they deposit numerous eggs, which, when fertilized by males 
of either parental species, may produce viable larvae However, tlie 
backcross hybrid progenies so obtained suffer a hybrid breakdown, 
they are so deficient m vigor and \ita1i^ that they survive onl> under 
favorable conditions in laboratory cultures 
To summarize The gene exchange between D pseudoobscura and 
D pcrsimihs is impeded by cooperation of at least five reproductive 
isolating mechanisms None of these mechanisms is by itself sufficient 
to prevent completely all the gene exchange between the species, yet 
the combination of them docs accomplish this function in nature In 
laboratory experiments some gene exchange can be obtained, however 
It IS not an uncommon situation that species which never cross in 
nature can sometimes be crossed in experiments 
Reproductive Isolation between Species of Animals Detailed stud* 
les of tlie reproductive isolation between various species of Drosophila 
have been made, especially by Patterson, Slone, and Spieth They 
have revealed two significant facts First, the gene exchange between 
species IS apparently always prevented not by one but by a combina- 
tion of several isolating mechanisms Second, different pairs of spe- 
cies are kept apart by different combinations of isolating mechanisms 
By and large, sexual isolation is most widespread Spieth found that 
almost every species which he studied has its own characteristic 
methods of courtship and copulation And yet, some undoubtedly 
distinct species, especially allopatric ones which never meet each other 
in the state of nature, show little or no sexual isolation As a rule 
males are less discriminating than females whereas males may court 
females of their own and of a foreign species, females accept males 
of their own species more easily than they do other males 
Some pairs of species show pjamctic isolation, which seems to be 
absent between Drosophila pseudoobscura and D persimihs, discussed 
above The sperm delivered by a male into the genital ducts of a 
female is stored in a special organ, the seminal receptacle \Vlien the 
male and the female belong to the same species the sperm m the semi 
nal receptacle remains alive for days and even weeks But when a 
male of Drosophila viriUs impregnates a female of D amencana (or 
male D amencana, female V otrdis) the sperm loses its fertilizing 
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ability a da^ or two later Some species of Drosophila hive the so- 
cilled insemination reaction the copulation is followed by a swelling 
of certain parts of the genital ducts of the female, which temporarily 
pre\ents the deposition of eggs and new copulations The insemini' 
tion reaction produced b> an insemination by the sperm of a foreign 
species may be so violent that the females become permanenti) sterile, 
yet other species of Drosophil » show no trace of insemination reaction 
A very common isolating mechanism is hybrid inviabihty Fertili- 
zation of eggs of one species bv spermatozoa of another mav be accom- 
plished, but the hvbrid z\gote mav fail to develop normally Thus a 
belief was long current that domestic goats occasionally produce hy- 
brids with domestic sheep Controlled experiments, with both natural 
and artificial insemination, showed, however, that cross fertilization 
between these species does take place, but the hvbnd cmbrNos are 
iborted at a very early stage of pregnancy It is virtually certain that a 
simil ir fate oxertakes the hvbnds between rabbits and hares, although 
alleged viable hvbnds of this kind have been repeatedly claimed since 
17S0, and were even given a name— “leponds In many marine ani- 

mals no copulation occurs, eggs and spermatozoa are simply released 
into ambient water, and fertilization occurs outside the bodies of the 
parents This external fertilization makes possible experimental bv 
bridization of some very unlike organisms In the classical expen 
ments of Godlewsky (ifiOG) and Baltzer (1910), several different 
genera of sea urchins were intercrossed, and sea urchin t ggs w ere fer- 
tilized with the sperm of a sea hly Sea urchins and sea hhes belong 
to different classes of the phylum of echmoderms Such remote hy- 
bridization ntxer xields norm illy developing hybrid embrxos Either 
the chromosomes of the father, brought in by the spermatozoon are 
thrown out of the egg nucleus and dismtt grate m which case the 
embrxo develops as that of the species of the mother Or else, if the 
parental chromosomes divide and are included in the cleavage nuclei, 
the embryos show gross abnormalities and soon die off 

Isolating mechanisms which operate between species of higher ani- 
mals are pretty much the same as those found between species of 
Drosophila and other invertebrates As in Drosophila the precist 
situation varies endlessly from species to species Sexual isolation is 
often important since the courtship behavior is generally unlike e\ en 
in closely related species of birds and mammals This sexual isolation 
may account for the fact that species hvbnds are on the whole quite 
rare in the state of nature, although they are often obtained fairly easily 
in experiments Thus, in captivity, many species and even genera of 
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ducks produce hybrids, some of them quite viable and fertile, and >et 
very few hybrid ducks have ever been found in natural habitats Dice 
and Blair found the same to be true for some species of deer mice 
(Peromyscus) 

Various crosses have been made in captivity between domestic 
cattle (Bos iaurus), American buffalo (Bos anioriconf/s), European 
buffalo (Bos honasits), Asiatic yak (Pheoj)hagtis gninnicns), and In 
donesian banteng (Bibos hemtenf’) The hybrids are fully viable, 
although difficulties occur at parturition when a relatively small mother 
(domestic cow) gives birth to calves sired by large fathers (European 
buffalo) The Tj hybrid bulls arc completely sterile, but the cows are 
fertile even when intcrgenenc hybridization is involved, as in the case 
of catlk X yak Tlic hybrid cows, then, can be backcrossed to either 
parental species, among the resulting progenies, the females as well 
as some of the males may he fertile Indeed, some introgression (see 
page 127) of genes from the yak into populations of cattle has taken 
place in some parts of central Asia, where the two species are kept 
together as domestic animals 

Reproductive Isolation m Plants Among plant species we again 
meet a variety of isolating mechanisms Hybrid inviability and hybrid 
sterility occur in plants as well as in animals An interesting example 
of the former is hybrids between certain species of flax described by 
Laibach (1925) The liybnd embryos are so weak that they are un- 
able to break the outer seed coat and they die within the seed Yet 
when they are artificially freed from the seed coat they give healthy 
seedlings and mature and fertile plants Blakeslee and Satina (1944) 
found an even more extreme situation among hybrids between cer- 
tain species of Jimson weed (Datura), where the hybrid embryos 
have to be cultivated on artificial media supplied with certain chemical 
substances, but may eventually grow normally Some sterile plant 
hybrids will be discussed in the next chapter 

Some plant species are able, in exxieriments, to produce viable and 
fertile hybrids, but do not do so or do only rarely in nature Their 
success may depend upon habitat isolation, as for two species of 
violets, Viola croensis and Viola tricolor The former species grows 
chiefly on calcareous soils, the latter occurs mostly on acid soils The 
two species seldom meet (Clausen 1922) In the Yosemite region of 
the Sierra Nevada of California the manzanita bush Arctostaphylos 
mariposa, grows at lower elevations in the mountains than the related 
species, Arctostaphylos patula In some places, however, the alti- 
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Single Genes and Gene Systems 
tudinal ranges of the t\vo species overlap, and there some hybrid 
bushes can be found 

The isolation of some species is due wholly or in part to the fact ^ 
that their flowers attract different animals to transport their pollen 
Grant (1951) found that the columbine Aquilcgia formosa m the 
mountains of the Sierra Nevada is pollinated chiefly by humming 
birds, whereas the related Aquilcgia jnibcscens attracts chiefly hawk 
moths But bumblebees visit both species, and as a consequence 
some hybrids are produced m natural habitats An extreme case of 
insect specificity has been discovered among certain orchids in North 
Africa These species have a part of the flower resembling in shape 
and in color the females of species of wasps or bees, the male insects 
are attracted to these flowers and engage m copulatorv movements 
during which they receive and deposit the pollen of the plant But 
different orchids resemble different species of wasps, making hybridi- 
zation unlikely 

If flowers of one species receive the pollen of another species, hy- 
brids are by no means always produced In some plants the pollen 
of one species grows poorly in the style of a different species, and 
fails to reach the ovules in time to accomplish the fertilization This, 
in addition to the inviability of the hybrid seeds, prevents the gene 
exchange between some species which grow in close proximity and 
are pollinated by unselective agents, such as wind 

Single Genes and Gene Systems For the sake of simplicity, we 
have so far considered only the simplest microev olutionary changes, 
which involved substitution of one or of few genes The transforma 
tion of colon bacteria susceptible to bacteriophage attack into resist 
ant ones requires apparently a single gene change (Chapter 5) The 
same is probably true of the resistance of these bacteria to strepto- 
mycin and of the resistance of the red scale to cyanide gas When, 
as m the development of the resistance to penicillin m Staphylococcus 
bacteria the modification occurs gradually, the process is due to 
accumulation of several mutations, each of which increases the re 
sistance by a small amount (Chapter 5) Such mutations are said 
to be additive 

But evolution often involves more complex situations, some of which 
must be considered to gam an understanding of the biological meaning 
of species formation The development of a living body, especially 
m higher organisms involves jomt action of all the genes which the 
bodv possesses In evolution, the gene system as a whole undergoes 
changes although the changes of the gene system are compounded 
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of cinnges in individual genes A gene system may be likened to 
a mosaic picture, and the genes to the component stones The nature 
and quality of a mosaic picture arc determined obviously by the pat 
tern in which the stones arc placed, as well as by the characters of 
the separate stones 

In Chapter 2 we have considered os an example of interaction of 
genes the determination of the coat color m horses Here many genes 
are involved, the color being the result of co action of all of them 
Particularly interesting is the gene I, which in the presence of the 
gene B transforms the black coat color into bay, but in the absence of 
B has no known effects The hi and hi horses are both chestnut 
(sorrel) in color Suppose, for the sake of argument, that having the 
hay color is adaptively advantageous to the horse, should the gene I 
then be considered favorable or neutral? Obviously, this would de 
pend upon the other genes which the organism has, particularly on 
the gene B 

Another example of gene interaction with which we are familiar is 
the chromosomal variants in natural populations of Drosophila pseudo 
obscure (Chapter 7 ) Tliese chromosomes differ, it may be recalled, 
by inversions of blocks of genes m certain chromosomes The helero 
zygotes which carry the two chromosomes of a pair with different gene 
arrangements are heterotic, that is, have a higher fitness than do the in- 
version homozygotes Now this heterosis is produced by complexes of 
genes earned in the respective chromosomes By using letters as sym- 
bols for genes, the matter may be represented thus one chromosome 
has the genes AjBiCiDiEi and the other A2D2CSB2E3 The heterosis 
IS produced by the interacbon of all these genes in the heterozy gotes 
AiBiCiDi£i/A 2D2C2B_E. whereas the homozygotes which have two 
chromosomes with AiBiCjDiEx, or two chromosomes AsD,C2B2E. 
have inferior fitness The importance of the inversion of a segment 
of the chromosome is that the inversion prevents or greatly reduces 
the crossing over between the chromosomes (see page 144 ), and conse- 
quently the recombination of genes and the breakaip of the gene com 
plexes which produce the hybrid vigor 

Species as Systems of Genes Heterosis found in mversion hetero- 
zygotes in populations of Drosophila sheds some light on a far more 
general problem that of structure of the gene pool in many or all 
organisms which reproduce sexually and by cross fertilization Let 
us recall (Table 71) that a high proportion of the chromosomes in 
Drosophila populations produce low fitness when present in double 
dose (in homozygous condition), yet natural populations of Drosoph- 
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Hybrid Breakdown 

ila consist of individuals most of which are healthy and vigorous 
Human populations beha%e hie those of Drosophila flies most nor- 
mal human beings probably carry in heterozygous condition genes 
which would produce more or less serious disabilities if thev were 
illowed to become homozygous The chances of their becoming 
homozygous are increased when relatives marry, this is whv the inci 
dence of hereditary diseases is high in small populations in which in- 
breeding IS common For most natural populations, at least in com- 
mon and successful species, inbreeding hovvtyer, is rather rare Most 
of the genes in such populations are represented by numc rous different 
alleles, any one of which is seldom homozygous The fitness of the 
homozygotes, then, is of relatuely little importance to the species 
Far more important for the adaptedness of the population is the fitness 
of the heterozygous combinations, since most indniduals m sexual 
populations are heterozygotes 

The situation just described has an interesting and important conse- 
quence natural sehction retains in natural populations those gene 
alleles which yield vigorous heterozygoles with other alleh s present 
m the same populations The gene pool of a sexual population comes 
therefore, to consist of genes that are coadapted, that is, that fit well 
together when present in heterozygous mdiyiduals To use a simile, 
natural selection m sexual organisms encourages genes that are good 
mixers” rather than rugged individualists ’ 

The process of coadaptation makes a species something more than 
a collection of individuals A sexual population (Mendchan popula- 
tion) IS a system of gints which fit together, and yield highly fit 
individuals in the en\ ironnacnts m which the population liyes 

Hybrid Breakdown Natural selection eliminates from populations 
of a species the genes winch do not have the property of being “good 
mtxers with other genes m the same populations But genes m dif 
ferent species or eyen in remote races of the same species, ne(d not 
bt good mixers Thus at least some of the genes of the horse are not 
coadapted with the genes of the ass The hy brids betyy een these spe 
cies mules show a disharmony— thev are sterile Even though mules 
may be vigorous and resistant animats as individuals, their adaptive 
value m the genetic sense is zero, they do not pass their genes to anv 
progeny Species of cottons produce vigorous and sometimes fertile 
r I hybrids The Fn hybrids or the progenies obtained by backcrosses 
to tlie parental species however, suffer a breakdown of fitness Such 
hvbrids are mostly weak and stunted rogues which cannot compete 
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with their parents either as wild or ns agricultural plants (see more 
about cotton hybrids in Chapter 9) 

Not only hybrids between species but even those between remote 
races may suffer genetic breakdown Wallace, VetuUio\. and Bmcic 
ha\e recently found that when populations of Drosophila p^ctidoob- 
sctira which live in the states of California, Nc\ada, Utah, and Colo 
ndo are intercrossed there is a perceptible loss of fitness among the 
Fa hybrid progenies Moore has sliown (1946 and later) that when 
leopard frogs (Rana piptens) from the northern part of the United 
States (for example, from New England) are crossed to frogs of the 
same species from Florida or from Texas the hybrid embryos die be 
fore completing their development The northern and the southern 
leopard frogs behave as though they belonged to different species 
they show m Moores experiments a complete reproductive isolation 
because of the mviabihtv of their hybrids Tlicsc northern and south 
cm races are nevertheless capable of exchanging genes through the con 
nechng populations which live in geographically intermediate areas 
Thus the leopard frogs from New Jersey or from Oklahoma produce 
normally viable, or only slightly abnormal liybnds, when crossed to 
Vermont frogs It is, then, perfectly conceivable that a useful gene, 
or gene combination, arising m Texas may eventually reach the Ver- 
mont populations, and \ace versa 

Different species have different genes because they are adapted to 
live in different environments Each species occupies a certain eco 
logical niche in the economy of nature Thus Drosophila pseudo 
obscura lives in warmer and dner habitats than Drosophila persimlhs 
( see above ) The genetic system of every species makes it fit to 
occupy its ecological niche and to lead a certain mode of life The 
low fitness of interspecific hybrids, therefore, is a by-product of the 
parental species becoming adapted to different environments Gene 
exchanges between populations of distinct species are likely to produce 
genotypes which are adapted to neither of the environments to which 
their parents are adapted As the popular saying goes, they are likely 
to fall between two stools 

The harmful results of gene exchange between species however 
should not be exaggerated Some of the combinations of genes which 
anse owing to hybridization of species may actually be v aluable, since 
they may be adapted to environments to which neither parent is 
adapted In the state of nature the adaptive value of mules would 
be zero on account of their sterility but this limitation does not pre- 
vent mules from being very useful as farm animals Some of the 
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most important cultivated plants are descendants of species hybrids 
(Chapter 9) Cultivated plants and animals live in man created en- 
Mronments, which are often greatly different from natural environ 
ments To fit his crops and his herds to the new environments, man 
had to provide them with new genot>pes adapted to these environ- 
ments Such genotypes were produced m most instances by unre 
lenting artificial selection within a single species, but in some instances 
also by selection among hybrids between species In doing so man 
merely followed the methods of nature, which occasionallv makes use 
of introgressive hy bridiz ition (page 127) to contrive adaptations to 
certain environments 

Origin of Reproductive Isolation between Species Hybridization 
of the northern and the southern races of the leopard frog resulted, 
in Moores experiments, in the production of inviable hybrids (see 
above) Such hybrids, however, are not produced in nature since 
the frog races involved are allopalric, the Vermont frogs have no 
chance to meet Florida frogs except in the laboratory of a biologist 
The diffusion of genes between these races takes place only through 
the geographically intermediate races, vvhicli yield viable hybrids 
with their neighbors 

Compare with this the situation of the two Drosophila species— 
Drosophila pseudoobscura and Drosophila persimihs (see pages 170- 
171) They live side by side in a territory extending from British 
Columbia to California (Figure 81) and in this whole territory they 
can meet, mate, and b^get hybrid offspring The hybrid males are 
sterile and the backcross progenies suffer a bvbrid breakdown, and 
are weaklings if they survive at all The hybrids may be said to be 
adaptively worthless, at least in the stale of nature l:et when hvbrids 
are produced, they consume food and occupy the place in the sun 
which can otherwise be exploited by the parental species Building 
up reproductive isolating mechanisms that would prevent the hy- 
bridization of the species and the production of the hybrids should, 
then be promoted bv natural selection 

An experimental demonstration that selection can, indeed build up 
reproductive isolation of species has been given by Koopman (1950) 
We have seen (Table 8 1) that one of the mechanisms which keep 
the species Drosophila pseudoobscura and Drosophila persimihs apart 
IS sexual isolation The flies show a preference for mating within the 
species and an aversion for mating between species For reasons 
that are obscure, this sexual isolation is more nearly complete in the 
natural habitats of the fiies than it is under laboratorv conditions In 
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particular, the sexual isolation is weakened in the laboratory at low 
tcmpcnliires If a mixture of equal proportions of the two species 
IS kept at 15‘’C (59°r), the copulations Iitlwccn species arc only 
slightly less frequent than those within the species 
Kooptnan made mixed populations of the two species, and mam 
tamed them for sc\ oral generations TIic experiment was so arranged 
that the hybrid flies that were produced were, m e\er> generation 
picked out and discarded Tlie non hybrid flics, which were pro 
duced evidently by intraspccific matings, served to propagate the 
populations further Tlie result of the experiment was that the pro 
portions of the hybnds produced in the populations waned from gen 
eration to generation, the proportions of the matings within the species 
gradually increased, and the proportions of interspecific copulations 
dwindled The interpretation of these experimental results is simple 
Tlie original populations of one or of both species were evidently not 
uniform with respect to tlieir sexual preferences Some flies in ex 
perimental environments were more prone to mate with individuals 
of the foreign species than were other flics Since tlie hybnds were 
eliminated from the populations, the flies which mated only with those 
of their own species contributed more offspring to the following gen- 
erations than the more promiscuous individuals This situation caused 
a process of selection of the more discriminating variants and the out- 
come was an intensification of the sexual isolation It is a reasonable 
working hypothesis that some of the isolating mechanisms between 
species are perfected also in nature by a process of natural selection 
Static and Dynamic Approaches lo the Study of Species The con- 
cept of species was developed in biology with a pracbcal end in view 
Linnaeus and liis successors described and named species of animals 
and plants and built a classification of living beings This work of 
systematization and classification is obviously the foundation of scien 
tific biology We must know, and be able to tell others, with )ust 
what creatures vve are working Linnaeus s work is being continued 
now by numerous investigators on the staffs of zoological and botanical 
museums in all civilized countries, as well as by individual speciabsts 
When an insect pest is found to injure the crops or an organism is 
suspected of being involved in the distribution of a disease, or simply 
when anyone finds an interesting creature it is first of all sent to a 
speciabst to be determined, that is to have its species name attached 
to it Living and fossil species and races are so numerous that nobodv 
knows all or even a large part of them, the work of systematics has 
necessarily to be done by specialists 
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Rigid Dc/inifion of Species Is Impossible 

It IS not surprising that for the practical work of naming and label 
mg species of animals and plants it is convenient to treat these species, 
so far as possible, as completel> discrete pigeonholes in uhich to place 
museum specimens When subspecies or races are described, it is 
expedient to treat them also as discrete pigeonholes This is why 
Linnaeus espoused the Mew that species arc created entities (page 
166) But the knowledge of speaes as biological phenomena has not 
stood still since Linnaeus Lamarck and Darwin, and since Darwin 
a great majority of biologists, regard s pecies as branch es of_the_streain 
of evolution These branches become subdivided further and further 
when populations of a species living m different countries differen- 
tiate genetically and become different races Diverging geographic 
races become incipient species when they begin to develop reproduc- 
tive isolation The speciation becomes consummated and irreversible 
when the reproductive isolation is complete ^ 

Of course modern systemalists not only accept the evolutionary 
view 0 ? species but also contribute greatly to the studv and the under 
standing of the process of specntion There is nevertheless, some 
dualism m the usage of the species concept m biologv To a practical 
systematist whose task is to label species and races, mtennediate 
specimens transitional between these species and races are obviously 
a nuisance It is hard to assign names to intermediates By contrast 
a biologist who studies the process of speciation will look for just such 
transitions, for races which are about to become species or for in- 
cipient species which have not yet completed the development of the 
reproductive barriers between them As a result, an investigator who 
gives names to species and races is likely to prefer a more static species 
concept, whereas one who studies the process of evolution will incline 
towards a more dynamic view This explains the fact which seems 
otherwise very odd nobodv has yet proposed a definition of what 
constitutes a species that would be satisfactory to all biologists 

Rigid Definition of Species Is Impossible In the history of biology 
attempts have been made again and again to give a definit on of 
species with the aid of which we could always decide whether certain 
groups of organisms are races of the saint species or are distinct 
sptcits ,For example it has repeatedly been suggested that forms 
which produce inv table or sterile hybrids when crossed belong to dif- 
ferent species, whereas those which produce fertile hybrids belong to 
the same species Such a defimtion of species is unsatisfactory on 
two counts First the sterility and inviability of hybrids are matters 
of degrtt Some fairly well authenticated instances of fertility of 
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female mules arc on record but it would be entirely unreasonable to 
say tJiat Jiorso and ass belong to the same species because one female 
mule per thousand is fertile On the other liand, the Vermont and 
Florida races of the leopard frog are races of a single species, despite 
the fact that the hybrids between them are mviable These races are 
able to exchange genes by way of gcograplncally intervening papula 
tions Second, as pointed out above, some very distinct species pro 
duce fertile hybrids in laboratory experiments but do not cross at all 
or only rarely m nature Species may be kept apart by various repro 
ductive isolating mechanisms, not only by Iiybnd inviability and 
sterility 

An even more fundamental reason why species cannot be rigidh 
defined is that the pro^ess^of evolution and of species formation is in 
general a slow and gradual one \Vlien we observe the animals and 
plants which live in the world around us, we see a single cross section 
in time of the evolutionary family tree, as shown schematically m 
Figure 8 2 The brandies of tins fimily tree arc like cables consisting 
of many strands— Mcndclian populations whicli inhabit vanous locali 
ties At the time level A strands form a single cable-a species not 
differentiated into clear-cut races At another time level B, tlie strands 
are already segregated into (wo or more bundles and a few inter 
mediate strands This is a species broken up into races or incipient 
new species At the time level C, we find separate cables of 
formed species At the time levels at whidi we happen to live, some 
species are in the state A, others in the stale B, and still others are 
groups of species, as in C 

When we observe the situation A, or one intermediate between A 
and B there is no doubt at all that we are dealing with a single spe 
cies Thus mankind is a single biological species Homo sapiens, sub- 
divided into genetically not very sharply demarcated races which have 
not begun to evolve reproductive isolation The situation C is equally 
clear Nobody doubts that man, chimpanzee, gorilla and orangutan 
are distinct species So are the domestic cat, lion, tiger, jaguar, and 
puma The situation B, however, is the difficult one Here the popu 
lations are caught in transition, at the borderline between races and 
species Here Darjiioxfamous advice is applicable “In determining 
whether a form should be ranked as a species or a v ariety, the opinion 
of naturalists having sound judgment and wide experience seems the 
only guide to follow This is, for example, the case with the “rings of 
races” discussed below (page 185) 

It may be recalled at this point that the impossibility of drawing an 
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absolute distinction between races ind species ^vas perhaps the prin- 
cipal argument which convinced Lan^tck and Darwin thit species 
are not fiKed entities and that evolution does occur It is, then, not a 
paradox to say that if some one should succeed in inventing a uni\er- 
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Figure 8 2 Diagrammatic representation ot the process of splitting of a single 
species (time le\el A) into t«o derned species (tune Ie\el C) Tlie species 
consist of popuHtions or races s>mboh7ed in the dngrarn as strands composing 
a bundle Some of these strands brinch (a population becoming divided into 
two or more populations) fuse together (rices merging into single populations), 
or end blindly (populations becoming exlmct) The cross sections shown on the 
right indicate th« situations as seen on three successive time levels A B and C 


sally applicable, static defimtion of species he would cast serious 
doubts on the salidits of the theory of evolution 

Species in Sexual Cross fertilizing Organisms A majority of living 
beings, and certainly most of the higher organisms reproduce sexually 
and b> cross fertilization we may, then, concentrate our attention on 
the nature of species m sexual forms As a starting point m the argu- 
ment, let us recall that m sexual species races are usuallv allopatnc— 
confined to different territories It is the geographic separation of 
races which prevents them from crossing and exchanging genes at 
rates which would result m fusion of these races into a single variable 
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population Until civilization had developed, human races were also 
allopitnc (sec Chapter 13) At present some human races exist also 
sympatncally, as do also races (breeds) of domestic animals and 
plants This became possible because of the rise of social isolating 
forces (in man) and of the regulation of the reproduction by human 
conscious or unconscious effort (in domesticated forms) 

Yet as races dnerge more and more, they become adapted to dif 
ferent environments in their respective territories or to different modes 
of life Suppose, for example, that two races of an insect species be 
came adapted to feed on different plants, on pine and on fir trees In 
many places pine trees and fir trees grow together, in mixed stands 
So long as the races are allopatnc they cannot fully exploit the avail 
able resources of food They cannot exist together for long in the 
same territory, because when they meet they mate and produce hybnd 
offspring, soon the hybrids would far outnumber the parental races 
What IS the escape from this biological dilemma? It is, clearly, the 
development of reproductive isolation between the races A repro 
ductively isolated species specialized to feed on pines, and one spe- 
cialized to live on fir trees, can live together wherever both food plants 
are available, and separately where only pines or only firs are present 
Species may be either allopatnc or sympatnc 

The essential feature of the process of speciation, of transformation 
of races into species, is, then, the development of reproductive isola 
tion between Mendelian populabons Species are the outcome of this 
process, species of sexual and cross fertilizing organisms may accord 
mgly be defined as reproductively isolated populations or groups of 
populations Man is a single species, because the races of which it is 
composed show no reproductive isolation, and are in fact exchanging 
genes at increasing rates in many parts of the world the social and 
cultural barriers notwithstanding Horse and ass are different species 
because they are reproductively almost completely isolated, and the 
gene exchange between them if any, is of negligible importance for 
the species as wholes 

Borderlines between Species and Race The above definitions of 
speciation and of species do not permit drawing an absolute distinc 
tion between race and species, even in sexually reproducing organisms 
When a situation like that represented as the level B in Figure 8 2 is 
encountered it would be arbitrary to say whether certain populations 
are to be considered races or species Such situations do occur in 
nature We have considered above the races of the leopard frog 
studied by Moore The races m Vermont and in Florida are repro- 
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ductively isolated, since the hybnds behveen them are invnble They 
happen to live in different places, and gene exchange between them 
can occur only via the geographicallv intervening populations But 
suppose that the Vermont and the Florida races should occur in the 
same territory, they would then behave as though they were different 



Figure 8 3 Races of herring gulls In nortlmestem Europe h\o populilions 
Lariis argcniulus aiul Larus /hsctis (shown in ihe figure as A ind Al) share tlie 
same territory without hybridization and consequently behave is different species 
Nevertheless they arc connected by a circle of rices {B C D F C and L) 
living in North Amenca and northern Asia (After Mavr ) 

species since gene e\change between them is excluded bj reproduc 
tive isolation 

Such conditions are actually known In northwestern Europe (Brit- 
ish Isles, Scandanavia) live two species of herring gulls {Larus orgen 
tatiis and jiisciis) which do not mix form no intermediate populations, 
and in general behave as reproductively isolated species usually do 
According to Mayr these two European good species’ of gulls are, 
however connected bv an unbroken chain of intergrading races (Fig- 
ure 83) These races live around the Polar Ocean, m Labrador, 
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C'lnada, northeastern Siberia, norlliwcstcm Sibcm, and northern Rus 
sia Tlie argentntus nnd fitset/s popidations of gulls mav, it Hould 
seem, exchange genes, but not by forming hybrids in ucstem Europe 
Vrhere they hvc together Instead, the gene exchange must tahe the 
circuitous route through Asia and North America Argentafus and 




Figure 8 4 The two sjwcu-s ot towhees which intercross m certain localities ifi 
central Mexico Abose is Vipih orol and below Pipila erythtoccphttlus {Aftir 
R Stcbbins und Or C Sibley ) 

fuscus appear to be races of the same species The biological situation 
being what it is these gulls may be called races or species, whichever 
may seem most convenient to those who study them 
Sibley has recently desenbed the mtergradations between the 
spotted towhtc (Pipifo en/ihropittiialmus) and the collared towhee 
(Piptfo ocat) The first of these very distinctive looking birds occurs 
in the mountains of northern Afexico and in the United States (Figure 
84) The second occurs onlv in some localities m southern Mexico 
In at least one of these localities the spotted and the collared towhees 
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live together, apparently without mixing But elsewhere in southern 
Mexico the populations are variable mixtures of the two pure forms 
If the locality, or localities, where the two towhees live together did 
not exist or were not discovered, we would be justified in placing all 
these birds in a single species with several races The existence of 
the sympatnc and evidently reproductively isolated populations makes 
this interpretation inadequate We may think that this is a case of 
relativelv recent hybridization of species which until then were be- 
having like good species ecologically isolated in different liabitats 
The burning of the forests, the cultivation of land, and other man made 
changes in the environment have created new habitats, in which both 
towhees can live and in which they are no longer isolated 

Biological Species and Species of Systematics We have chosen to 
regard the development of reproductive isolation between diverging 
races as the touchstone of species formation This is not an arbitrary 
choice As pointed out above, the attainment of reprodu ctive isolatio n 
is a very significant stage in the evoliiliomrv path of a population It 
transforms genetically open systems (races) into geneticallv closed 
systems (species), it makes the evolutionary divergence of populations 
irreversible it puts, so to speak, a seal of finality on the populations 
being committed to different ways of life 
To discover directly whether certain populations are or are not 
reproductively isolated, experiments must be made to test whether or 
not various isolating mechanisms discussed above are present or ab 
sent Zoological and botanical systematists who describe species and 
races of animals and plants are however, very seldom m a position 
to make such experiments Indeed, systematists work mostly with 
dead and preserved specimens stored in museums and herbaria Most 
species are described by people who never had a chance either to 
see them alive or to visit the territories where these species occur 
How can systematists find out whether the organisms which they study 
are or are not reproductiv ely isolated^ Fortunately this can be done 
m mam instances The methods of study used by modem systematists 
yield indirect but usually reliable evidence on this score 

Svstematists regard as species groups of creatures which are clearly 
different in body structure and among which transitional or interme 
dntc specimens are absent Domestic cat, lion tiger, jaguar, and 
puma have always been considered species and not races, because no 
specimen has ever been found which could not be assigned to one of 
these species with certainty The absence of intermediates between 
populations is a presumptive evidence that these populations are 



188 Species 

reprocluctively isolated If tliey were not isolated and exchanged 
genes, intcrmcdntes probably would appear Thus intermediates be 
tween even tlie most distinctive human r4accs are known If the popu 
lations live in tlic same country, sympatrieally, and yet intermediates 
between them do not occur, they arc almost certainly isolated repro 
duclnely We must, of course, beware of mistaking the clear cut 
variants within n polymorphic population for distinct species (see 
Chapter 7) Intermediates between the different blood groups m 
man are absent, but this docs not make the earners of these blood 
groups belong to different species Mistakes of this sort have been 
made from time to time, and this is why Darwin considered “sound 
judgment and wide experience* necessary in those who study speciis 

A more serious source of difficulty' in recognizing species is the 
existence of dislinctnc allopalnc forms Sympatric species produce 
no intermediates because they are reproductivtly isolated But vvlitn 
populations live m different countries, allopatncally, and testing them 
experimentally is not practicable, the decision is often hard to reach 
Most often the systcmatist resorts to studying the populations of geo- 
graphically intervening territories, if these populations are interme 
diate between tliose found in remote places, there is probably some 
gene exchange between all the populations, and they belong to a 
single species This is why we could for example infer that man is 
a Single species even if we did not know directly that there is no 
reproductive isolation between any human populations But what to 
do with the sycamore, riataniis occuJcnlahs and the plane tree, Plat 
anus ortentaUs, which are native respectively to eastern United Stales 
and to southeastern Europe and western Asia? They are quite dis 
tinctive in appearance, but they can be crossed artificially and pro 
duce vigorous and fertile hybrids No intermediates between them 
occur in nature, but such intermediates have little chance of being 
formed since the geographic distribiithins of the two kinds of trees are 
widely separated and the intervening countries have no native plane 
trees at all Botanists regard them as distinct species because they 
look so different and the genetiast Stebbins agrees because they would 
probably be kept apart by ecological isolation if they were brought 
together in the same territory 

Sibling Species and Species in Asexual Organisms The reproduc- 
tive isolation between Drosophila pieudoobscura and Drosophila per 
stmths has been discussed above (pages 17&-171) There can be no 
doubt that biologically they are distinct species, yet these flies are so 
similar m external appearance that a zoologist who studies them 
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under a small magnification of a microscope cannot distinguish them 
at all (the> do differ in a more recondite wa>— the gemtahe armatures 
of the males show a slight but constant difference) Species which 
are clearl> distinct biologicallj but are \er\ similar or identical in 
appearance are referred to as sibling species Their existence maj be 
troublesome to sjstematists working with insects preserxed on pins m 
museum drawers, but it is \er> enlightening to the science of biologi 
as a whole 

When we observe that two organisms are different in appearance, it 
should be kept in mind that e\temall\ visible differences are onlv the 
outward signs of physiological differences, which are in turn based on 
genetic differences It happens that m most living creatures genetic 
differences are reflected in evtemallj visible distinctions This fact 
validates the methods of study of species used by svstematists Their 
species and biological species are usually the same things But in 
some organisms, such as the two Drosophila species discussed above, 
genetic differences great enough to give rise to reproductive isolation 
have not produced visible changes in external body structures Con 
sidered biologically these species deserve being recognized as such 
no less than the tiger and the lion, which happen to be easily dis- 
tinguishable in external appearance To say that insect species must 
necessarily be distinguishable in museum specimens, pinned and dried 
out as has been customarv with insect collectors for two centuries, is 
like asking modern phvsicians to use only the instruments and drugs 
which physicians used two hundred years ago 

The definition of species as reproductively isolated populations has, 
however, no meaning where sexuality is lost or where self fertilization 
IS the usual or exclusiv e method of begetting progeny \ et bacteriolo- 
gists have to describe bacteria which reproduce chiefly asexually and 
form clones, and botanists have to deal with plants like wheats most 
of which reproduce chiefly bv self pollination and form pure lines 
Since Linnaeus, it has been customary to give species names to all 
organisms, regardless of the methods b\ which they reproduce (and 
these methods of reproduction liave become understood onlv recentiv 
anyway ) The clones of bacteria and the pure lines of wheats do fonn 
assemblages of similar forms adapted to live in similar ways these 
assemblages are called species This is a reasonable procedure, we 
I should only keep in mind that the “species” in asexual and in self 
[fertilizing organisms arc not the same biological phenomena as species 
of insects, birds, mammals, or of cross fertilizing higher plants 
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Are Species Arbitrary Groupings or Natural Entities? The \vorld 
'iround us is infinitely variable We nc%cr encounter twice the same 
situation, and objects which we obserac, whether living or inanimate, 
change with time To make this infinite variety intelligible and man 
agcable, the human mind combines the situations and ob/ects which it 
regards ns similar in some respects into groups, and gives to each 
grouping a name Thus there is a class of objects called furniture, 
within this class we may distinguish tables, chairs, shelves, etc , among 
tables, office tables, dining room tables, kitchen tables, etc , can be 
distinguished Living organisms arc a part of our environment they 
are enormously diversified, and they have to be classified in order to 
be comprehensible The species has served, and is serving, as a con 
venient category of classification 

However, sewal reproduction makes sjiecics of seviial organisms 
something more than a tool for classification Individuals of sevual 
species are interdependent in a way analogous to cells in a mulhcellii 
lar body Cells arc physiologically, and individuals of sevual species 
are reproductivoly, interrelated Tlic reproductive interdependence 
of members of sexual species is necessary for continued existence of 
their kind, generation after generation Tims mankind is more than a 
name for a class of objects It is a biological reality, not only because 
all men are km to each other by virtue of common descent, but even 
more so because all human beings are, at least potentially, part and 
parcel of tlie gene pool from winch the genetic endowments of their 
posterity will arise A sexual species is the ultimate extension of tlie 
ancestral family , it is also the family of the future 

Suggestions for Further Reading 

The references gn en at the end of Chapter 7 will be iiseful for a study of the 
problem of speaes The problems of race and species are closely interrelated 
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Evolution under Domestication 
and Evolution by Polyploidy 

When The Origin cf Species vvas published in 1859, neilhir Damin 
nor an> one else claimed to have witnessed one species givincj rise to 
another Darvvins theory was a scientifically legitimate inference 
from indirect evidence Numerous facts in biology made sense on 
the hypothesis that species evolve by gradual change and differentia- 
tion from races Nevertheless, Danvm collected with great carf the 
observed facts which showed that organisms undergo genetic changes 
and mav become altered m the course of time He found many such 
facts recorded by the breeders of domesticated animals and plants 
The breeders produce new varieties of animals and plants to suit 
their needs or fancies Moreover, they do so by means of artificial 
selection, often following hybridization of diverse varieties or races 
Dirwins natural selection was a counterpart of artificial selection 
V, hich had been known to be effective m domesticated forms In 3 86S 
Darwin summan/ed the evidence concerning evolution under domesti- 
cation in a book entitled The Variation of Animals and Plants under 
Vomestxration 

Evpenmenlal evidence of the occurrence of evolution is at present 
much greater than it was in Darwins time Among microorganisms 
e\ olutionary changes due to mteraction of mutation and selection can 
be observed under controlled evpenmental conditions (see Chapter 
5) To be sure, these changes involve alterations of single genes or, 
at most, of small numbers of genes Thev are called microev oluhonarv 
changes to distinguish them from macroevolution, which results in 
production of new genera, families and classes Macroevolution en 
taih changes in many, perhaps ra all, genes composing the genotype 
Evolution under domestication continues to be interesting to modern 
191 
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Arc Spcoes Arbitrary Groupings or Natural Entities? Tlie world 
irouncl us is infinitel) varnbic We never encounter twice the same 
situation, and objects winch we observe, w-licthcr living or inaniinate, 
change W’lth tunc To make this mlinitc variety intelligible and man 
agcable, the human mind combines the situations and objects which it 
regards ns similar in some respects into groups, and gives to each 
grouping a name Thus there is a class of objects called furniture, 
within tins class w e may distinguish tables, chairs, sheK es, etc , among 
tables, office tables, diningroom tables, kitchen tables, etc, can be 
distinguished Living organisms arc a part of our environment, they 
arc enormously diversified, and llicy have to be classified in order to 
be comprehensible Tlic species has served, and is serving, as a con 
v’enient category of classification 

However, scvual reproduction makes species of sexual organisms 
something more than a tool for classification Individuals of sexual 
species are interdependent m a way analogous to cells in a mulhcellu 
lar body Cells arc physiologically, and individuals of sexual species 
arc reproduclivel), interrelated The reproductive interdependence 
of members of sexual species is necessary for continued existence of 
their kind, generation after generation Thus mankind is more than a 
name for a class of objects It is a biological reahtv, not only because 
all men are km to cacli other by virtue of common descent, but even 
more so because all human beings are, at least potentially part and 
parcel of the gene pool from which the genetic endowments of their 
posterity will arise A sexinl species is the ultimate extension of the 
ancestral family it is also the family of the future 

Suggestions for Further Heading 

The references gi\en at the end of CInpter 7 wU be useful for a study of the 
problem of species The problems of race and species are closely mterrelated 
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TABLL 9 1 

Place a\d AppRoxisKxr Dvte op Domestic^tiov or PmNap^L 
Domestic Animals 


Common 




Domestic 

Name 

Scientific Name 

Place oI Domeaticatiofl 

Date of Domestication 

V anelies 

Dog 

Canit /amtiiont 

Northern lleniupliefc 

10 000-8000 B c 

200 

Cat 

Ftlia mant'idala 

Egypt 

2000 »c 

2o 

Cattle 

Boa laurua 

Euro|>e nealem Asia 

Neobthie 6000-2000 B c 

CO 

Mater buffalo 

Boa bubalua 

India 

Prehixtonc 

’ 

Rail cattle 

£ibna tcndaieua 

IndoneMa 

PrehiHtonc 

r 

Vak 

Pofp)agua grunnient 

Tibet Turkestan 

Prelustonc 

? 

Sheep 

Ocia aftta 

Euro|<e middle A^ia 

Mesolithic and Neolithic 

50 

Goat 

Copra hircue 

Euro|>e middle Vaia 

Meerfithic and Neolithic 

20 

iMaral 

Cervuf mrtral 

SoutlierR Siberia 

A o 18a0 

1 

Pifi 

Sua aerofa 

C>in>|>e neatem Aaia 

Neolithic 5000-2000 n c 

35 

"“r* 

Eguua eaballua 

Europe Asia 

Neolithic and Bronse 
3000-2000 B C 

60 

Aea 

otinu* 

North Africa 

Prebistone 

15 

Camel 

Camtlui iaelrvsnut 

hiiddle Aaia 

Prehistoric 

? 

Dromedary 

Camtlua dromtdanut 

Afnca 

Prehistoric 

* 

Llama 

Loim kuanceua 

Peru Chile 

Prehistoric 

* 

Ttabbit 

Ori/eto}«tua eunxulu* 

Mediterranean 

lOIXlBC 

20 

Guinea pig 

Cai M porttUua 

Pent Chile 

Prehistoric 

25 

Tame mou«c 

Vua mxtaculua 

Cliina EuropeC) 

♦ 

♦ 

Goo«« 

Anier anaer 

MeMcmAsia Europe 

Bronze Age(?> 

20 

Duck 

Anaa pIolyrAyneA^i 

China • urofic 

1000 6 c (*) 

30 

Chicken 

Oallua doneaittua 

India Indochina 

3000 B c (*) 

12u 

Turkey 

VaUoena eaUgpeio 

Mexico I astern USA 

I re Columbian 

C 

Cuinea heo 

Vumidu numuJa 

Meat Africa 

Prehistoric and A n IxM 

1 

Peacock 

lato ertaialua 

India 

Parly Histone 

4 

1 igeon 

Colutnia Iiuio 

Asia Minorf*) India(*) 

! rehistorie 

140 

Canary 

SeriflUi rdriorui 

Canary Ulands 

A 0 1«00 

20 

nudgerutar 

tfelopaiUaeua vndu- 
Uilut 

Australia 

Ap 1840 

5 



Table 9 1 is a brief summary of the available information concern- 
ing the time and the place of the domestication of the chief domestic 
animals Much of this information is \crv inexact and sub 3 ect to 
doubt often all that can be said is that the domestication took place 
in prehistoric times, that is before the light of history had dawned 
in the part of the world where the domestication of a given species 
had occurred Two things, nevertheless, are clear First, differint 
peoples m all parts of the world realized the value of having domestic 
animals, and w ere able to carr> out the difficult process of domestica- 
tion Second, the longer a species has been domesticated the more 
numerous and more diversifietl are its domestic varieties Thus the 
dog is the most ancient domestic animal, and has produced the largest 
number of breeds Furthermore some dog breeds differ so much m 
appearance as well as in temperament and behavior, that it is hard 
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evolutionists, It in\oUcs genetic clnnges of n magnitude intermediate 
between microc\olution, winch is casilj observable in a test tube, ami 
macrocvolutlon which requires time on a geological scale 
A special kind of txpcnmcntallj observable evolutionary change is 
caused by the doubling of the chromosome complement— bj po!>’ploid> 
(see pages 201-20S) Tlic pol)T>loi(ls often lieliavc wath respect to 
their progenitors as full fledged new species Here we have, then, 
experimental origination of new species— a feat which was beyond 
reach of biologists in Darwins time Moreover, the production of 
new species by polyploidy is knowm to occur not only in expenments 
but in nature as well Experimental demonstration of the origin of 
species was completed when some naturally occurring polyiiloid spe 
cies were resynthesized from other species in experiments 

Degree and Antiquity of Domestication There is no generally ac 
cepted definition of what a domesticated animal or plant is For 
our purposes it will be satisfactory to regard as domesticated those 
forms which regularly reproduce in captivity and whose populations 
are controlled by man It is man who determines how much wheat or 
com IS to be sown, and which kittens or puppies are to be kept and 
which disposed of Even with this definition it is hard to tell how 
many animal and plant species have been domesticated Some forms 
have been so thoroughly domesticated that they are utterly unable to 
exist except with mans help In com (maize) the seeds are firmly 
anchored in the cob, and the whole car is enclosed in a protective 
cover (the husks) which prevents the seeds reaching the soil No 
wild plant with such an arrangement of seeds could possibly survive, 
and, as will be shown below, the problem of the origin of com is not 
an easy one On the other hand the rubber tree (Hevea brasthensts) 
grows wild m the jungles of equatorial Brazil, as well as on planta- 
tions in tropical Asia The wild and the planted populations of the 
rubber trees are only beginning to diverge genetically The domesti- 
cation of the dog took place 10 000 to 12 000 years ago, in the Middle 
Stone Age (Mesolithic), that of the maral deer m Asia and of the 
little Australian parrot budgerigar only a century ago Domesticated 
forms of some species were obtained and then lost Thus in ancient 
Egypt, about 3000 to 1000 bc, there were domesticated varieties of 
the Nilotic goose and of at least two speaes of antelopes, which now 
exist only as wild species Some authorities believe that the mhabit- 
ants of southern Chile had, in pre Columbian days, domesticated the 
giant sloth, a huge animal at present known only as a fossil, its bones 
as well as remains of its skin hair, and dung have been found 




Figure 9 1 Tlie nine centers of ongin of culfmted plnnts (After Vt\i1o\ ) 
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to believe that they all belong to the same species Compare the 
little Chihuahua with n Great Dane, or an ebullient Fox Terrier with 
a stolid Saint Bernard Nevertheless, all these breeds do belong to 
one species, since they are capable of exclianging genes, and often 
do so, either directly bv occasional hvliridization, or Ma the intcrme 
diate breeds where crossing is impossible because of an extreme dif 
ference m size The dog species has a common gene pool, subdivided, 
to be sure, into the gene pools of the various breeds Domestic 
chickens and pigeons arc the most ancient domesticated birds, and 
tliey also form numerous breeds Tlic domestic goose is an exception 
to the rule its domestication is undoubtedly ancient, but it has given 
rise to relatively few distinct breeds 

Centers of Origin of Domesticated Plants Tlie number of plant 
species in various stages of domestication is conservatively estimated 
at three hundred which is many times greater than the number of 
species of domestic animals Pioneer studies concerning the origins 
of cultivated plants were made m the last century by A de Candolle 
(1778-1841) and Darwin and in the current century by Vavilov 
(1887-1942) Vavilov came to the conclusion that most species of 
cultivated plants were first domesticated in a relatively small number 
of countries These countries arc called the centers of origin, their 
location is shown on the map m Figure 91 It is not surprising that 
the centers of origin of cultivated plants largely coincide with the 
ancient centers of human civilization 
Vavilov has distinguished eight or nine such centers (1) Chinese, 
including China, particularly its mountainous intenor, and Korea 
This center has given mankind many varieties of oafs, barleys, mil 
lets, soya and other beans, bamboo, sugar cane, some cabbages, oranges 
and lemons peaches apricots, pears, prunes cherries, tea, poppy, and 
many other useful plants less well known to our Western civilization 
(2) and (3) Indian and Indomalayan centers, which may also be 
treated as a single one embracing India (but not western Pakistan), 
Burma, Indochina, and western Indonesia This is the land of the 
origin of rice, which is estimated to be the main staple to perhaps 
60 per cent of humanity, sorghum (Indian), some beans, eggplant, 
cucumber, bamboos sugar cane (Indomalayan), bananas (Indoma- 
layan), mango (Indian), some oranges and lemons breadfruit (Indo 
malayan), cocoanut palm (Indomalayan) diploid cotton pepper (In 
dian) and many less widely known plants (4) Middle- Astatic, m 
northern Fahstnn, Kashmir, Afghanistan, in tlie southern part of Rus 
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Wild "iss (Eqims fisintis) in northeastern Africa The latter is without 
doubt the wild progenitor of the domestic donkev 
Neither the zebras nor the asses have a part in the ancestry of the 
domestic horse Domestic horses and domestic asses are crossed on a 
large scale to produce mules In 1920 there were about 5,650,000, 
and in 1949 about 2,353,000 mules on farms in the United States 
alone The practice of breeding mules is an ancient one, well known 
to Aristotle But mules are interspecific hybrids which are almost 
iniarnbly sterile, the few recorded fertde female mules certainly do 
not provide a channel for a regular gene exchange between the gene 
pools of these species (see Chapter 8) Zebras have been crossed to 
horses in zoological gardens, but the h>bnds, called zebroids, are 
sterile Zebras, asses and horses are close relatives which arose rather 
recently, geologically speaking from a common ancestor (see Chap 
ter 12) But they have diverged genetically far enough to become 
reproductively completely isolated Their evolutionary paths are 
separate 

The only true wild horse lives in a part of middle Asia, more pre- 
cisely in the deserts of western Mongolia It has been given a spe- 
cific name of Przevalsk-y horse (Equus przctolskii)— which is even 
more difficult for English speakers to pronounce than is the name of 
the author of this book The wild horse is only as tall as a small pony, 
12 to 15 hands (48 to 52 inches) from the ground to the withers, 
and rather ungainly m appearance from the standpoint of a lover of 
horseflesh It should be noted that it has a short erect mane, no fore- 
lock, and IS a dun color (cf page 38) It is wild and intractable even 
after a prolonged life in captivity The wild and the domestic horses 
cross easily and produce fertile progeny 

The wild Przevalsky horse is the last survivor of a species which in 
historical times was much more widespread A wild horse called 
tarpan was quite common m the steppes of southern and southeastern 
Russia as recently as the last century Tarpans were a nuisance to 
the pioneer settlers since they interfered with the crops and led away 
domestic mares They were hunted and exterminated the last tarpan 
having been killed around 1860 in the steppe north of the Black Sea 
The ancient Romans encountered numerous forest horses when their 
empire spread to what are at present Spam, France, and Germany 
How different the tarpans and the forest horses were from the Przeval- 
sk-y horse is not exactly known The tarpan was allegedly mouse 
colored instead of dun this difference may be due to a single gene 
(see page 38) Tlie forest horse was relatively tall (about 60 inches), 
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Sian Mulcllo Asn (Turkestan) litre are found most soft (bread) 
wheats, some beans, melons, onions, spinach, some apricots, apples, 
pears, almonds, grapes, and walnuts (5) Western Asiatic, m the in 
tenor of Asia Minor, Transcaucasia, and northern Iran Here arc 
nali\c some sanclies of hard and soft wheats, rye, oats, lentils, peas 
flax, poppy, melons, pumpkins, carrots, and some varieties of pears, 
cherries, almonds, grapes, figs, and other fniits (6) Mediterranean. 
countries around the Mcditoiranean Sea This center gave some 
varieties of wheats (rclntivelj little used at present), peas, flax, sugar 
beets, cabbages, asparagus, and olives (7) Ethiopian, in Ethiopia 
and Eritrea This is tlie center of hard wheats, many varieties of bar 
leys, sorghum, flax sesame, and coffee (8) Central American, em- 
bracing southern Mexico, Guatemala, and possibly some of the West 
Indian Islands Tins is the source of such immensely important cul- 
tures as com (maize), some beans, sweet potatoes, upland cottons 
peppers, papa>a and man> other tropical fniit trees (9) South 
American or Andean, in Peru and adjacent parts of Equador and Bo 
hvia This region shares tlie credit for having given origin to corn 
and to some of the most useful varieties of cottons, and also to pota 
toes, tomatoes tobacco, and the quinine tree Somewhere to the east 
of the Andean center, in tropical Brazil, pineapples, cacao, and the 
rubber tree originated 

It is hard to estimate the importance to mankind of the achieve 
ments of the primitive agriculturists in the above lands They rnan 
aged the critical first steps of the evolution under domestication of 
most of the plant species which now nourish mankmd They did this 
immensely difficult work without the benefit of modem scientific 
knowledge or of modem technology 

Wild Relatives of the Domestic Horse We choose for a more de 
tailed consideration of evolution under domestication one animal 
species, the horse, and two plant species, cotton and com These three 
species will exemplify different kinds of evolutionary changes that 
occur, and vvi’l illustrate the different kinds of uncertainties with 
which the research in this field of evolutionary biology has to cope 

The genus Equus, to which belongs the domestic horse (Equtis 
caballus), contains three groups of species now living in the wild 
state One of the groups is the zebras, which comprise three species 
with numerous races living m eastern and southern Africa Another 
group consists of the asses of which two species are recognized— the 
onager {Equus hemwnus) in the steppes of middle Asia, and the true 
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uere used for different purposes, and each purpose ^vas best ser\ed 
hy different genotypes in the horse populations Natural and artificial 
selection perpetuated the suitable genotypes and eliminated the un- 
suitable ones The existing dixersity of horse breeds is the result 
Nomadic cultures most completely dependent on horses de\ eloped 
particularly in Mongolia and m Middle Asia Here horses were, and 
still are, used as meat and milk animals, as well as for riding and 
for transportation of the tents in W'hich the nomads live and their 
furnishings Horse meat and fermented mares milk still are im- 
portant staples in some parts of Asia The horse breeds suitable for 
these multiple uses must be before all else sturdy, tireless, able to 
subsist on scant food, and to resist inclement weather This type 
required relatively little change from the wild horse condition, except 
dexelopmcnl of some tameness The horses of Mongolia are the most 
pnmitue’ existing breeds, clearly resembling the wild Przevalsky 
horse, including the possession of an erect mane and a high frequency 
of the dun coat color The hordes of Genghis Khan, mounted on 
such horses, erupted from Asia into Europe in the thirteenth century 
They swept all resistance before them, this Scourge of God” could 
not have occurred except for a perfect bahnee between the cultural 
heredity of a human population and the biological heredity of a horse 
population 

Quite different tv pcs of horses appeared in western Europe, where 
horses were used and valued primarily for warfare But here the 
mounted warrior tried to make himself less vulnerable by donning 
progressively heavier armor The speed of the horse had to be sac- 
rificed to Its ability to carry great weights Hence the Middle Ages 
saw die appearance in Europe of large, heavy, and powerful breeds of 
horses, perhaps having a strong dose of the genes of the forest horse 
which lived wild in these parts 

The invention of firearms, however, ended the usefulness of armor 
The horses which used to carry' knights m battle now began to ser\e 
a different purpose transportation of heavy loads and heav'y farm 
labor Thus arose the powerful cold-blooded draft horses Per- 
cherons m France, Belgians in Belgium, Clydesdales, Shires, and Suf- 
folks m England Stallions of these breeds are often enormous am 
mals 64 to 70 inches tall v\ eighmg 1800, 2000 and ev en 2200 pounds 
The American farm horses carrv some genes derived from these breeds, 
together with those of miscellaneous utility horses of western Euro 
pean origin 

Still other horse breeds were developed in Mediterranean countries 
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with stout limbs and a long but narrow head Its portrait, d^a^vn by 
an artist of the Stone Age on i cave wall at Altamira, Spam, shows 
an erect mane, like that of the now living wild horse 

Is the Domcstie Horse Monophylctic or Polyphylclic? Just when 
and where the first horses were domesticated is unknown The first 
historical records of domestic horses appear at almost the opposite 
ends of Asia, in Mesopotamia (Iraq) and in China, about simul 
taneously, around 2000 nc Horses were brought to Mesopotamia 
from the north, possibly from the Russian steppe It is, hence, con- 
jectured that the tarpan was domesticated bv the nomad inhabitants 
of the steppe a few centuries earlier, possibly around 2500 bc But 
the horses that came to China were most likely the descendants of tlie 
Przevalsky horse, domesticatctl in the wilds of Mongolia quite inde- 
pendently from the tarpan 

It IS most likely, though obviously unprovabic, that horses were 
domesticated m<any times and in many places in the steppes and 
deserts of eastern Europe and Asia, and m the forest zone of western 
Europe The first record of a horse hitched to a chanot appears in 
Greece around 1700 cc, in Egypt 1600 bc, ul India 1500 bc By 
1000 B c horses were known and widely used in most parts of Europe, 
and in Asia and Africa outside the tropical forest zones Mounted 
horsemen first participated in the Olympic games in 648 bc 

The problem of whether the now living domestic horses are de 
scended from a single wild ancestor (monophylehcallv) or from two 
or several ancestors (polyphylelically) has been long and incon 
clusively discussed by the students of the horse origins Perhaps it 
does not really matter If the gene pool of the domestic horse con- 
tained genes of two different species, such as horse and ass, ever) 
one would agree with the polyphyletic hypothesis But the Przeval 
sky horse, the tarpan, and tlie forest horse were clearly geographic 
races of the same wild species, which at one time was distributed 
perhaps from the Atlantic coast of Europe to the Pacific coast of Asia 
Most likely this species could be divided not into three but into more 
numerous races, and quite possibly most or all of these races con- 
tributed their genes to the gene pool of the modern horse The re- 
combination of the genes conlnbuted by these races plus the genes 
which arose by mutation since the domestication, gave rise to the 
vanety of horse breeds 

The Domestic Horse Breeds Regardless of how many wild an 
cestral races were domesticated their descendants underwent consid 
erable genetic changes These changes took place because the horses 
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A thoroughbred is also an animal requiring the most elaborate care 
and feeding, and it is too nervous and high strung to be used for any 
purposes other than running on a race track or crossing to other horse 
breeds to impro\ e the breed 

To an evolutionist, the thoroughbred horse is an interesting example 
of a great change in the direction chosen by man which can be wrought 
in an organism by selection within a rather small number of genera- 
tions And if we compare the thoroughbred with the wild horse from 
Mongolia we find the two animals certamlj as distinct as or more 
distinct than are natural species of the genus Equus Why, then, 
have no reproductive isolating mechanisms developed to make them 
full fledged species? The answer is necessarily speculative but it is 
reasonable to think that it is because breeds of domesticated animals 
are isolated from each other and from their progenitors owing to the 
control of their reproduction by man 
/ Cultivated Cottons Despite the recent invention of synthetic fibers 
(rayon, nylon etc ), the cotton plant is, and will probably remain, the 
chief source of the textiles which clothe humamtv The most ancient 
cotton textiles known are dated about 3000 dc They have been 
found in the excavations of Mohenjo Daro, among remains of the Indus 
civilization, which is one of the three most ancient civilizations m the 
world (the other two being Egyptian and Babylonian) Moreover, 
the Mohenjo Daro textiles are obviously made by a skilled craftsman, 
indicating that cotton must have first been used at some time prior 
to 3000 DC Probably quite independently of the Indus Civilization, 
cotton was domesticated also in the Americas, since cotton textiles are 
found in the pre Inca graves in Peru Cotton was used extensively 
by many tribes in pre Columbian days, including some of the tribes 
in the southwestern United Slates 

There is, however an important difference between the Old World 
and the New World cultivated cottons All cottons native to the Old 
World have 26 chromosomes (13 pairs) in their cells (Figure 92) All 
New World cultivated cottons have twice as many chromosomes (52 
or 26 pairs), hence the New World cottons are polyploid or, to be 
more exact tetraploid (see page 65) 

How did this difference anse^ One of the possibilities is that the 
New World cottons arose from a single ancestral species, having 26 
chromosomes simply by reduplication of the chromosome complement 
(by atitopohjploichj) Another possibility is that two different species 
each having 26 chromosomes, have crossed and that the duplication 
of the chromosome complement took place in the hybrid If so the 
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and m tlio Near East, also m response to war needs Until the mven 
tion of saddles with stimips, the cavalry either fought standing m a 
horse-drawn chariot or the men dismounted to begin combat The 
GrcelvS and Romans did not have stirrups The stirrups, invented 
somewhere m Asm, furnish fulcra which permit mounted combat 
The speed, agility, and alertness of the cavalry horse now became 
vital Accordingly, there appeared various breeds of light riding 
horses, among which the Barb in northern Africa and the Arabian 
were most important Just when these breeds first appeared is un 
certain, but by the time of Mohammed, in the seventh century ad, 
Arabia possessed a liigbly valued variety of liorscs The Arabian horse 
is regarded by many people as tlic most beautiful of all horse breeds, 
if, indeed, not the most beautiful of all animals However that may 
be, it IS certain that the Arabian and related Eastern breeds have been 
highly esteemed as riding animals for centunes Their genes have 
become difiused the world over in many more recent breeds 

The Race Horse If the origins of the breeds discussed above are 
lost in the mists of antiquit>, that of the Englisli thoroughbred breed 
IS known m fair detail After the passing of the heavily armored 
medieval knights mounted on slow horses, light but fast Eastern horses 
were imported into western Europe at increasingly frequent mtervals 
A population of progressively lighter riding liorses gradually resulted 
from hybridization of the imported and local breeds A new breed 
was started in England by mating several local mares with three 
stallions imported from the East between 1689 and 1730 These stal- 
lions were either pure Arabian, or at any rate carried many genes 
derived from the Arabian breed The hybrid offspring were mated 
among themselves and in the second generation three stallions were 
selected— Matchem, Eclipse and Herod Most thoroughbred horses 
are descended from these stallions and from their female siblings and 
relatives 

The pedigree of the thoroughbreds, carefully recorded in the so 
called stud books, is a most complex netw ork of descent relationships 
beginning with the horses named above All individuals are multiply 
related to each other It should be realized, however, that this pedi- 
gree involves also a most intense and careful selection of individuals 
possessing the desired properties, and of these the most desired has 
been speed A modern thoroughbred horse is a strikingly different 
animal from its Arabian (or near-Arabian) ancestors It is consid- 
erably taller (64 inches or hi^er), and capable of much greater 
speeds— the present record is a mile run in 1 minute and 33V1 seconds 
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cultivated m tropical America) are, as we know, tetraploid, with 52 
chromosomes So is a wild and Imtless species which lues on the 
Hauainn Islands (G tomeniosum) 

H>brids between Species of Colton B\ artificial cross-pollination 
it IS fairly easy to obtain hybnds between species of Gossv’pium The 
progeny of an American wild diploid species (26 chromosomes), 
crossed to an American cultivated tetraploid species (52 chromo 
somes), will have 39 chromosomes, and will be triploid Such tnploid 
hvbrids are largely sterile, but the behavior of the chromosomes at 
meiosis can be observed under the microscope The cells at meiosis 
show about 13 bivalents (that is, 26 chromosomes that have come to 
gether in pairs) and 13 univalents Next, let us cross an Amencan 
cultivated tetraploid to an Old World diploid species The progeny 
IS again tnploid 39 chromosomes, largelv sterile, and showing ap- 
proximately 13 bivalents and 13 univalents at meiosis 
What do the above observations mean? The most reasonable in- 
terpretation is that the chromosomal complement of an American 
tetraploid cotton (26) contains a set of 13 chromosomes sufficiently 
like those of the Amencan diploid cotton species, so that these chromo- 
somes pair up and make 13 bivalents at meiosis m the hvbrid By the 
same token, the American tetraploid cotton must contain 13 chromo- 
somes like those of the Old World species (see Figure 9 2) 

The V aliditv of thi> interpretation can be tested bv more experiments 
Let us obtain hybnds be^veen diploid species Hybnds between dif- 
ferent Amencan diploid species are, of course, diploid they are fertile 
and show 13 bivalents at meiosis The same is true for hybnds be- 
tween different Old World diploid species, but things go differently 
when an American diploid species is crossed to an Old World diploid 
The hvbnd is more or less sterile, and its 26 chromosomes form few 
or no bivalents at meiosis * The chromosomes of different Old World 
species are still so nearly similar that they recognize each other and 
pair in hybrids The same is true for chromosomes of different diploid 
American species But the chromosomes of Amencan diploids be- 
come in the process of evolution so different from the chromosomes of 
the Old World species that ihev pair no longer 

* The stor> as here presented is somewhat oversimplified Actuall> the chromo- 
somal pairing in h>bnd meiosis is tanable and in some cells some chromosomes 
fail to pair which do iwir m other cells of the same hybrid This is due to the 
occunence of structural changes in the chromosomes m the evolutionary process 
(see pages 63 148) The chromosomal similarity or dissmulanty is not an all- 
or none affair 
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52 cliromosome cotton contams chromosome complements of t\%o dif 
ferent ancestral spccjcs Such a pol>p1ofd is called alhpohjploid To 
find out winch of those possibilities is the right one, certain observa 
tions and experiments have to be earned out, as described below 
Wild Cottons All cottons belong to the botanical genus Goss)’pmm, 
which contains at least 20 different species The technical differences 



Figure 9 2 Tlie ctiromosomes of a cwlinaled tctraploid speciw of cotton (C), 
and an American (A) ind nn OJd World (B) diploid species Tlie tetraploid 
(C) arose presumabi)' b> liybridization of the hvo diploids (A nnd S), foIluNVed 
by a duplicatian of the chrotnoso/ne complement ( \Uer SiJcki Ihsan ur Rahman 
and Afzal ) 


b> which a botanist recognizes these species do not interest us here, 
but the numbers of chromosomes in them do interest us In the Old 
World (in Africa, southern Asia, and Australia) 9 of the species exist 
Two of them (Gosstjpium arboreum and Gosstjpitim hcrbaccum) have 
spmnable lint on thejr seeds and are cultivated and 7 of them arc 
hntless and grow as wild plants All these species are diploid with 
26 chromosomes (Figure 92) In the New World (in Arizona, Mexico 
Peru, and the Galapagos Islands) 8 wild species exist which have no 
hnt AH these species are also diploid, with 26 chromosomes The 
two native American species cultivated for their hnt (G htnutum, the 
cotton of the Cotton Belt of the United States, and G barhadvnsc, 
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seeds of an Asntic diploid cotton with spinnable Imt The plants 
which grew from these seeds then crossed to a native American diploid 
species which grew near b>, and ga\e an allotetraploid with superior 
lint quality, which was picked up and cultnated by the Indians 
Neither hypothesis can be considered proven, altliough recent c\to 
logical and distributional data make Harlands hypothesis, or some 
modification of it, more probable Anyway, the evolution of cotton 
under domestication went remarkably fast As we know, the wild 
species of cotton have no spinnable lint, but onlv useless fuzz on 
their seeds Before cotton textiles were made at Mohenjo Daro m 
3000 Bc (see above), a considerable amount of selection work must 
have been done Egvpt the economic welfare of which depends at 
present largelv on its cotton crop, received cotton much later about 
500 BC Ancient Egyptian and Babylonian textiles were made of flix 
or of wool The development of the cotton crop m China and in 
Middle Asia is even more recent— between ad 700 and 1300 This is 
probably because cotton is originally a tropical plant which is peren 
nial m habit, that is, grows for several years Before it could be grown 
successfully in temperate lands, annual races (which complete their 
development, from seed to seed, within a year) had to be developed 
Such races were developed both m the Old and in the New World If 
the Hutchinson-Silow -Stephens hypothesis is correct, the American 
cultivated cottons arose, possibly somewhere in Peru on the Pacific 
Coast of South America perhaps some two thousand years ago Yet 
by the time Columbus landed, there were two distinct cultivated spe- 
cies, Gossypium htrsiitiim and G harbadense, with numerous varieties 
Some of these varieties were of such high quality that they were intro 
duetd in the Old World and largely displaced there the native diploid 
cottons The commercial cotton crop tlie world over consists at 
present predominantly of tetraploids, which are native in tropical 
America 

Raphanobrassica, an Experimental New Species The hypothes s 
of allopolyploid origin of cultivated American cottons is made neces 
sary by much experimental and observational evidence The event 
postulated by this hypothesis occurred however, m the dim past, but 
a quite analogous process has actuallv been observed in experiments 
on other plants The classical example is the new allotetraploid spe 
cies obtained by Karpechenko (1926) bv crossing the common cab 
bage {Brasstca oJcracca) and radish (Raphanus satiiAis) These plants, 
as their names show belong to different botanical genera, but they 
have similar chromosome numbers— 18 (9 pairs) Karpechenko ob- 
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When DjcI the Tclraploid Cotton5 Appear? The tctraploid Amen 
can cxiltivalcd cottons arc nllolctraploicl, tliat is, they contain a set of 
chromosomes like those still existing in Amencan diploid species, and 
one set like those m Old World diploid species An ancestor of the 
cotton plants now growing on a field in Alabama must have been an 
Fi hybrid betw’een two different species of cottons, one of which must 
have resembled cottons now growing wild in America and the other 
growing in the Old World All students of the problem of origin of 
cottons now agree that such hybridization must c occurred They 
do not agree nearly so well about the place and the time of the hy 
bndizalion 

Indeed, in order to produce hybrids, the cotton species which now 
live on different continents on the opposite sides of the globe had to 
meet somewhere Wild cottons now grow only in tropical and sub 
tropical lands, intense and prolonged selection was necessary to obtain 
cotton varieties capable of being cultivated in warm temperate ch 
mates, like that of tlie southern United States The only place where 
the American continent meets the Old World continental mass is the 
vicinity of the Bering Strait, in the Arctic The climate of the Bering 
Strait region is far too cold for any cotton to survive The altema 
tive is to suppose that seeds of the Old World cottons were some- 
how transported to tropical America cither from Asia across the whole 
wide Pacific Ocean, or from Africa across the Atlantic Cotton seeds, 
however, are rapidly killed by sea water, so that they could not be 
transported by ocean currents They are too heavy to be transported 
by wind 

Harland (1939) sought to escape the above dilemma by supposing 
that the crossing of the diploid species w'hich gave rise to the Ameri- 
can tetraploid cottons took place m Cretaceous or in Eocene tunes, 
many millions of years ago (Table 121) Geologists believe that m 
those remote times the climates of the whole earth including the pres 
ent arctic regions, were much warmer than at present Some also be 
heved that there may have existed a continent in the place of the 
present Pacific Ocean, but most geologists now definitely oppose this 
idea Be that as it may, Harland surmised that the tetraploid cottons 
arose veiy long ago 

On the contrary, Hutchinson, Silovv, and Stephens (1947) assume 
that the American tetraploids are of relatively very recent ongin The 
inhabitants of the South Sea Islands have made many journeys across 
the uncharted ocean Suppose, then, that some of these seafarers 
came to the West Coast of South America and brought with them 
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cling to the forlorn hope that all changes observed m experimental 
organisms are intraspecific changes Indeed, a mutant of Drosophila 
melanogastcr is still i fly and belongs to the same species as its an 
cestors A thoroughbred horse is still a horse But Kaphanobrassica 
IS evidently neither a cabbage nor a radish, it is a new and hitherto 
unknown organism— Raphanobrassica 

Natural Allopolyploids During the thirty years since Karpe- 
chenko’s pioneer experiments, several new species have been synthe- 
sized bv allopolyploidy These experiments merely copy a method of 
species formation which nature has used on a fairly large scale, at least 
m the plant kingdom As we have seen above, there is strong evi- 
dence that the cultivated American species of cotton arose by this 
method Other species of cultivated and wild plants, among them 
most wheats, oats, sugar cane, tobacco, potato, tomato, coffee, most 
cultivated roses, raspbernes, and many other useful plants, are allo- 
polyploids Allopolyploidv was probably the method of species for- 
mation in plant genera in which the chromosome numbers of the 
known species form a senes of multiples of some low “basic number 
Thus wheats and related grasses have species with 14, 28, and 42 
chromosomes (the basic number is then, 7) 

Particularly interesting are the experiments in which experimentally 
synthesized allopolyploid species are similar to or identical with nat- 
urally occurring ones Here the evolutionary process which has at 
some time m the past produced certain natural species is repeated 
in experiments Beasley (1942) came close to resynthesizing an 
American tetraploid cotton from hybrids of a wild American diploid 
(Gossijpium thurheri) from Anzona and an African cultivated diploid 
(Gossr/;mim arboreum) He obtained a tetraploid hybrid which was 
sterile as a male (that is failed to produce functional pollen grams) 
Its meiosis, however was normal and it set seed freelv when pol 
hnated bv ordinary American tetraploid cotton The meiosis in these 
backcross hybnds was also nearly normal It is likely that the Anzona 
wild cotton IS not the American diploid species which is the ancestor 
of the tetraploids but it is close to the true ancestor 

A full success was gained for the first time by the Swedish geneticist 
Muntzmg (1930) Tlie species Galeopsts tetrahit, of the mint family, 
has twice as many chromosomes (32) as the related species, G speciosa 
and G pubcscens (16) Muntzmg crossed the latter two species, and 
among the offspring of their hybnds selected plants with doubled 
chtomosome complements These plants he called “artificial tetrahit" 
since they reproduced the natural species of that name, freely crossed 
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taJned diploid cibbigc X rndlsh hybrids, which Ind, as expected, 18 
chromosonics, 9 from cabbage and 9 from radish The cabbage and 
radisli chromosomes fail to pair nt mciosis in this hybrid, and the 
Iiybrid is sterile 

This IS a situation observed also in manj other, in fact in most, 
sterile interspecific h>brlds It was first seen b> the Finnish geneticist 
Fedcrlcy, in 1913 in hybrids between certain species of moths Owing 
to the occurrence in evolution of inversions, translocations and other 
chromosomal changes, tlic gtnc arrangement m the chromosomes of 
different species becomes so thoroughly scrambled that these chromo- 
somes no longer ‘recognize’* cacli otlier as homologues The differ- 
ence in the chromosome structure becomes manifest particular!) at 
meiosis in the hybrids, when the chromosomes of the parents should 
normally come together in pairs (Chapter 3) Their failure to do so 
initiates grave disturbances m the processes of sex cell formation The 
result IS that the hybrid although it may be quite normal and vigor- 
ous, fails to produce normal sex cells and is stenle 

The cabbage X radish h>brid, however, was not completelv stenle 
Karpeclienho obtained from it several seeds and grew a small F. gen- 
eration Tliese fs plants proved to be tetraploid, the) had 36 chromo 
somes in tlieir cells, 18 chromosomes of cabbage and 16 of radish 
Such seeds arose from ovailes and pollen grams in which the meiosis 
failed altogether, and came to possess the entire chromosome comple 
ment of the hybrid— 9 cabbage and 9 radish chromosomes 

The tetraploid hybrids grew to be tall and vigorous plants called 
Raphanobrassica Agriculturally this new plant is, alas, useless, since 
it happens to have a root IiXe cabbage and foliage hi^e radish But 
it IS a very important plant for a biologist, being the first new species 
(or genus) produced in experiment Indeed, the allotetraploid 
Raphanobrassica is quite fertile its meiosis being quite normal with 
18 bivalents normaHy formed Since it has 18 cabbage and 28 radish 
chromosomes m its cells there is no difficult) in pairing, and 9 cabbage 
and 9 radish bivalents arise Despite its hybrid origin, Raphanobras 
sica breeds true Moreover, it is reproductively isolated from its own 
ancestors— the cabbage and the radish The Raphanobrassica X cab 
bage and Raphanobrassica X radish hybrids are formed with difficulty, 
they are triploid (27 chromosomes), and largel) sterile In short, 
Raphanobrassica is a new plant species by any reasonable definition 
of species 

The experimental production of new species is an important achieve 
-nent of evolutionary biology Some still surviving anti evolutionists 
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mam stalk Another resemblance to com is that the female flowers 
(which produce ovules and seeds) are borne on spikes which, like the 
ears of corn, are produced on the sides of the mam stalk The seed 
spike of teosinte, however, is quite 
unlike that of corn since it easily 
breaks up when the seeds are npe 
and lets the seeds fall out Teo- 
sinte seeds are also verv different 
from corn seeds They are en 
closed in horny shells, uhich are 
made up of parts of the rachis or 
stem and modified glumes, protec 
ti\e covers on the seeds of most 
grasses (Figure 93) In modem 
corn the glumes are reduced to 
mere scales imbedded in the cob 
Another relative of corn is the 
genus Tnpsacum (gama grass), of 
which several species are known 
native to Central, South, and 
North America Tnpsacum are 
perennial grasses, with narrow 
lea\es and numerous tillers that 
IS stalks coming out of the same 
root system In contrast both to 
maize and to teosinte it Ins male 
and female flowers on the same 
spike rt the top of the stalk The 
seeds have horny glumes and the 
spike disarticulates when the seeds 
are ripe Although the spike is 
partially enclosed in husks (pro- 
tective covers made hy modified 
leaves), the seeds easily fall out 
(Figure 9 2) Finally whereas 
corn and most teosmtes are diploids with 20 chromosomes (10 pairs), 
gama grass is either diploid w ith 36 or tetraploid with 72 chromosomes 
Is Teosinte the Parent or Offspring of Corn’ A hvpothesis of the 
origin of com put forward by Ascherson (1875), and supported by 
^^avllov and most other authorities until 1939, was that teosinte is the 
progenitor from which maize developed by a senes of mutations fa- 



Figiire 9 3 The two presumed parents 
and their progen> On the left are 
shown an inflorescence and some seeds 
of a gamma grass (Tnpsacum) of a 
teosinte in the middle and of cultivated 
com on the right Teosinte arose prob 
ably from a hybnd between Tnpsacum 
and pnmitne com (Courtesy of Pro 
fessor P C Mangelsdorf ) 
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to the litter, and gave fertile hybrids with nonnil chromosome pair- 
ing In short, Muntzmg has recreated G fetrahit, i natural species 
which arose by a similar process of crossing two other species and 
doubling the chromosome complement m the hybrid Since 3930 
scvcril other natural species hive been so recrcited 

Origin of new species b> polyploidy is, of course, not the most 
usual method of emergence of species in evolution, although poly 
ploidy his played an important role in ccrtiin groups of organisms, 
especially in the plint kingdom Tlie doubling of the cliromosomc 
number is a process which, when it occurs in a species hybnd, may 
create i new species almost instantincously This is why species 
which hive arisen by polyploidy may sometimes be reproduced in 
experiments The emergence of new species from races is, ns dis 
cussed in Chapter 8, i slow process which tikes quasi geological time 
to be completed Sptcics winch arise in tbit way may’ have similar 
or different chromosome numbers, but they seldom have chromosome 
numbers which arc multiples of each other More important than 
changes in the numbers arc the internal reconstructions which take 
place in the chromosomes by mutation, inversion, translocation, duph 
cation, and deletion of genes 

Com and Its Relatives Except in very cold countries and in wet 
tropical lowlands, maize or Indian com (Zca mays) is one of the 
principal crops which nourish mankind The land area annually 
planted to corn is estimated at 221 million acres The origin of this 
highly important plant however, is far from completely known 
As will be shown below the uncertainties encountered in studies of 
corn origins are of a quite different nature from those to be contended 
with m the domestic horse and in cotton evolution 

As pointed out above com has been so profoundly modified in the 
process of adapting it to man s needs that it is utterly unable to propa 
gate itself without human help and to live as a wild plant Its wild 
progenitor must necessarily have been a rather different looking plant 
Botanists place com among the Maydeae, a subdivision of the grass 
family Sugar cane and sorghum belong to the same family, but they 
are not closely related to com A much closer relative is teosinte, 
Zea mexteana (or Euchlaena mexteana, since it is considered by some 
to belong to a different genus), which grows in parts of southern 
Mexico and of Guatemala, mostly as a weed m or near fields of culti 
vated com Teosinte is a tall grass with rather broad leaves, though 
not as broad as com leaves It resembles corn also m having male 
flowers (producing pollen) concentrated in a “tassel at the top of tlie 
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Figure 9 4 Terminal portion of tlie ear of a pnmitive Guaranj pod corn 
South America Slightly enlarged (After Mangelsdorf ) 
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\orcd by nrtificnl selection This would mean that corn arose some 
where in Central Amenci, where tcosintc is now still growing in semi 
wild condition To be sure, tcosintc is not at present used as food, 
but its seeds can be “popped” by heat, thus shattering the homy cover 
and exposing the more palatable grain 

It non appears, however, that the tcosintc hypothesis was a false 
clue to the riddle of maize origin Mnngelsdorf and Reeves suggested 
in 1939 that teosinte, far from being the ancestor of com, is derived 
from com by means of hybndization of primitive com with a species 
of Tnpsacum According to this view, tcosintc is m fact genetically 
a corn with some sections of Tripsactim chromosomes included in its 
genotype 

Tlie evidence that this extraordinary situation actually obtains m 
reality comes chiefly from experiments of crossing tcosintc with mod 
em cultivated corn The hybrids are fertile, and the segregation m 
Vs and later generations sliows that the genes which determine the 
visible differences between com and teosinte arc concentrated mainly 
m four chromosome segments in as manv chromosome pairs Both 
maize and teosinte have 10 pairs of chromosomes and it is most un 
usual for species of either plants or animals to have most chromosomes 
remain similar in the process of evolution the changes being confined 
to only a few segments of chromosomes These blocks of genes are 
supposed to be acquired from Tnpsacum through hybridization which 
took place at some unkaiown time in the past, presumably m Central 
America where com, Tnpsacum, and teosinte often occur together 
Despite the striking differences in appearance between corn and teo- 
sinte, Mangelsdorf and Reeves propose to consider the latter not a 
separate genus, but only a species or even a variety of com 

Primitive Com If teosinte is not the wild ancestor of com, then 
what was this ancestor like and where did it live? This problem must 
be regarded as still unsolved, but Mangelsdorf and his collaborators 
have obtained interesting data which suggest a probable solution 
More than a century ago, Saint-Hilaire (1829) surmised that com 
might have developed from the so called pod corn (Figure 9 4) The 
chief characteristics of the pod com are produced by alleles of a 
single dominant gene, called tunicate, the presence of which causes 
rather drastic changes in the body of the plant The seeds of pod 
corn are each enclosed m a papery cover insisting of enlarged glumes 
(the same structures which give the homy covers of the teosinte and 
gama grass seeds, see above) The ears on the sides of the mam stalk 
of the plant are suppressed or are elongated, branched, and protrud- 
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mg from the liusV.s Much of the plant’s energy Is diverted to massive 
tassels on (he top of the stalk, but the tassels contain lioth female 
and male flow ers Pod com ts not cuUtv ated as swcl), but il does occur 
as an admixture in the fields of indigenous mal/t raised by some 
Indnns, particularly In South America 

Mangclsdotf has pointed out that pod com has 
some of the chanctcnstlcs which were most hkel> 
present m the wild com ptogtnilor Tins does not 
mean that pod com ns It exists now is that progcni 
tor, wild com unmodified hv culture is probabl) 
extinct nm an important event in the evolution 
of com from a wild to a cultivated pi mt might well 
have been a mutation of the tunicate gene, which 
transformed a pod com into something more hVe 
the modem com Just where and when this muta 
lion was first observed and utilized bv man is quite 
unknown 

Again, we siioutd not think that the Iransforma 
tion of wild into cultivated com w as due to n single 
mutation On the contrarv, the process involved 
numerous gene substitutions Some idea of what 
Figure 9 5 Re- tij^se were may I>e gamed by studvang the primitive 
«r*oT'a*°pfimiuve raised bv prehistoric Indians and discovered 

vaijcty of com cul- by archeologists The most interesting of such dis 
Uvated by Indnn covenes has been made m a cave m New Mexico, 
agnciiltunUs in the ^nd descnbcd by Mangehdorf and Smith The 
Amenenn corn remains m this cave are estimated bv 

a*go'^(From radiocarbon dating of associated charcoal to be 
M mgclsflorf and about 5930 years old (with an experimental error 
Smith) of about 310 years) A reconstruction of an ear of 

this ancient com is show n in Figure 9 5 This is 
already a developed, cultivated, not a wild, plant, but it is a dwarf 
compared to the ear in modem com More important still, the kernels 
are parliall) enclosed in glumes, leading to the inference that this 
com carried a weak allele of the tunicate g«ne Furthermore, the 
miniature ear was not tightly enclosed in husks as in modem corn, 
but merely had its bist surrounded by a loose cover of leaf sheath:, 
w htch surrounded the y oung inflorescence vv hen the silks first appeared 
but spread open when the grams were mature 

It IS fair to siy that the most pnmitne corn from the Ntw Mexico 
cave IS closer to the probable wild ancestor than to the modem corn 
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Hybrid Com 

(1877) that plant progenies obtained by self-pollination within a 
flower, by cross pollination of different flowers of the same plant, or 
of different individuals of the same strain, are deficient in vigor They 
suffer tnhreedmg degeneration Conversely, the progenies obtained 
by crossing different strains exhibit hybrid vigor (or heterosis, as it is 
now called) 

In 190S and 1909 the geneticist G H Shull published his studies on 
inbreeding and crossing in com A com plant can be “selfed by 
transferring the pollen from the tassel to the stigmas (silks) of the 
same individual In i cornfield most seeds come, however, from cross 
pollination of silks of one individual by pollen grains of other indi 
viduals The normal vigor of the field ‘variety is maintained by 
the cross pollination Shull found that inbred lines, obtained by sys- 
tematic selfing rapidly dwindle in vigor, size, and yield of the plants 
Intercrossing different inbred lines gives progenies in which the vigor 
IS restored up to the average level of the variety from which the inbred 
lines were obtained But hybrids between some inbred lines may 
even exceed the original variety m productiveness 
Here, then, was a theoretical investigation which resulted m a 
first rate practical discovery Before this discovery could be ex 
ploitcd in practical farming, however, another problem had to be 
solved The hybrid seed must be obtained from inbred lines which 
consist of weak plants giving poor yields Getting enough seed from 
them to plant large fields is prohibitively expensive Jones (1917) 
solved the problem by means of the so called double cross method 
(Figure 97) Instead of two inbred lines four inbred ones are used 
They are first intercrossed in pairs, A X B and C X D The two hy- 
brids obtained are vigorous and high yielding They are mterplanted 
in parallel rows and the tassels are removed from one of the hybrids, 
so that its silks can receive pollen only from the other hybrid (A X 
®) X (C X D) The resulting seeds are planted on ordinary farms 
and grow into high yielding plants However, the very high yields 
occur in only one generation, and the fields have to be replanted every 
year with fresh hybrid seeds 

Corn breeding programs based on hvbnd com were started soon 
after 1917, and bv 1933 hv brid com acquired a considerable importance 
in commercial plantings The average yield of com on farms in the 
United States in the early nineteen thirties was estimated at about 22 
bushels per acre by 1950 it was about 33 bushels per acre, and colossal 
vields of more than 100, and even above 200 bushels per acre, are 
reported under exceptionally favorable conditions Most, though not 
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be one of the products resulting from such introgression It ma> 
serve ns n bridge for further transfusion of Tnpsacum genes into com 
Whether the hypothesis of Tripsantm mtrogression is justified, only 



Figure 9 6 Diversity of \anetics of com ciilhviled at the present time in differ 
ent parts of the world (Coiirtes) of Professor P C Mangelsdorf ) 


the future c-rn tell it is certainly useful because it inspires many 
interesting experiments 

Hybrid Com Within the last two or three decades a spectacular 
improvement of the yield of com plantings m the United States and 
elsewhere has been obtained by the introduction of hybrid corn The 
success of hybrid com may be regarded as the most important con- 
tribution of evolutionary biology to human welfare yet produced 
Tlie essentials of the story arc as follows Darwin showed long ago 
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Hybrid Corn 

(1877) that plant progenies obtained by self-pollmation within a 
flower, by cross pollination of different flowers of the same plant, or 
of different individuals of the same strain, are deficient in vigor They 
suffer tnhreedmg degeneration Converselv, the progenies obtained 
by crossing different strains exhibit hybrid vigor (or heterosis, as it is 
now called ) 

In 1908 and 1909 the geneticist G H Shull published his studies on 
inbreeding and crossing in corn A corn plant can be ‘selfed by 
transferring the pollen from the tassel to the stigmas (silks) of the 
same individual In a cornfield most seeds come, however, from cross 
pollination of silks of one individual b> pollen grams of other indi 
viduals The normal vigor of the field variety’ is maintained by 
the cross pollination Shull found that inbred lines, obtained by sys- 
tematic selfing rapidly dwindle in vigor, size, and yield of the plants 
Intercrossing different inbred lines gives progenies in which the vigor 
IS restored up to the werage level of the variety from which the inbred 
lines were obtained But hybrids between some inbred lines mav 
even exceed the original variety in productiveness 

Here, then, was a "theoretical investigation which resulted m a 
first rate ‘practical discovery Before this discoverv could be ex- 
ploited in practical farming however, another problem had to be 
solved The hybrid seed must be obtained from inbred lines which 
consist of weak plants giving poor yields Getting enough seed from 
them to plant large fields is prohibitively expensive Jones (1917) 
solved the problem by means of the so called double cross method 
(Figure 9 7) Instead of two inbred lines, four inbred ones are used 
They are first intercrossed in pairs, A X B and C y. D The two hy- 
brids obtained are vigorous and high yielding They are interplanted 
in parallel rows, and the tassels are removed from one of the hybrids, 
so that its silks can receive pollen only from the other hvbrid (A X 
B) X (C X D) The resulting seeds are planted on ordinary farms 
and grow into high yielding plants However, the very high yields 
occur in only one generation and the fields have to be replanted every 
year with fresh hvbrid seeds 

Corn breeding programs based on hy brid corn were started soon 
after 1917, and by 1933 hybrid corn acquired a considerable importance 
m commercial plantings The average yield of corn on farms in the 
United States in the early nineteen thirties was estimated at about 22 
bushels per acre, by 1950 it was about 33 bushels per acre and colossal 
vields of more than 100, and even above 200 bushels per acre, are 
reported under evceptionallv favorable conditions Most, though not 
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Figure 9 7 A diagram showing the method of production of hybnd corn Four 
inbred lines denoted A, B C and D are intwcrossed in pairs giving vigorous 
single cross hybnds these are id turn intercrossed giving the double cross seeds 
which are used for commercial plantings 
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all, of this phenomenal improvement is ascnbable to the introduction 
of the hjbnd corn It is not surprising, then, that b> 1950 more than 
75 per cent of the corn-producing fields in the United States, estimated 
at about 65 million acres, was planted to hybrid corn In the chief 
com producing states, such as lowi, the hybrid com plantings occupy 
close to 100 per cent of the com acreage It became urgently neces 
sary to save the original field \ancties of com from total extinction 
Their persistence is important because they carry the gene pool from 
which new inbred lines cm be isolated, xxhich may yield hybrids even 
superior to the now available ones 
Heterosis in Different Organisms The spectacular success of 
hybrid corn has inspired attempts to exploit hvbrid vigor in other 
cultivated plants and domestic animals These attempts are mostly 
in the experimental stage, but at least some of them are yielding en- 
couraging results Hetermisjs a phenomenon of obvious practical, 
as well as theoretical, importance The understanding of its biological 
nature is, nevertheless, far from satisfactory- 
Daman concluded on the basis of his experiments (see above) that 
hybrid vigor arises from the union of diverse heredities serving as a 
stimulus inducing powerful growth and general wellbeing of the 
organism In modern terras, this would mean that heterozygosis for 
many genes is per se a viability stimulus But this cannot be the whole 
story The loss of vigor produced by inbreeding and the luxuriant 
development induced by crossing of different strains are much more 
pronounced m some organisms than in others Thus heterosis in corn 
IS very important, whereas in w'heat it is absent or barely detectable 
According to Mangelsdorf, even the best inbred lines of corn yield no 
more than half as much as do the open pollinated varnties from which 
the inbred lines are isolated Many of the inbred lines are so weak 
tint they can be maintained at all onlv with difficulty In contrast, 
self fertilization is the rule m many wheats, oats, barleys, beans, etc 
A field of wheat consists, then, of a single or of several inbred lines 
which have been selected because they are vigorous and high yielding 
In general, the inbreeding depression is most pronounced in species 
which normally live in large cross-fertJizmg populations, such as com 
Of rye In normally self-fertilizing forms there is little inbreeding 
depression and little heterosis upon crossing Man stands somewhere 
m the middle of this heterosis range History records that some royal 
dynasties practiced brother sister marriage, which is a very close, in- 
breeding, for many generations without known adverse effects On 
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Figure 9 7 A diagram showing the method of producbon of htjbnd corn Four 
inbred lines denoted ABC and D are intercrossed in paus giving vigorous 
single-cross hybrids these are in turn intercrossed giving the double cross seeds 
which are used for commercial plantings 
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There is no doubt tliat a part of the degeneration of the progeny 
resulting from consanguinity and inbreeding in such species as man 
or corn results from homozygosis for recessive deleterious genes There 
IS also no doubt that the absence of deleterious effects of consan 
guinity in normallj self fertilizing species is due in part to the rapid 
elimination of the deleterious recessive mutants In wheat a dele 
tenons recessive mutant is not sheltered for long m heterozygotes, and 
is eliminated bj natural selection far more rapidly than it would be 
m com or in man Nevertheless, mutational heterosis is only a part 
of the whole heterosis phenomenon and at present it is not certain 
how large or how small a part 

Another mechanism w'hicb causes hybrid vigor is balanced heterosis, 
which we have discussed in another connection (Chapter 7, pages 
142-147) In Drosophila natural populations of some species consist 
mostly of individuals heterozygous for certain chromosomal inversions, 
and such individuals possess high fitness But chromosomal homozy- 
gotes are also produced in the populations, and these homozygotes 
are less ht than are the heterozygotes Natural selection maintains a 
balanced polymorphism, with a certain optimal proportion of hetero 
and homozygotes arising in each generation It is certain that bal 
anced polymorphism is widespread in sexual species m which inbreed- 
ing IS normally rare, but just how widespread we are not certain 

Populations of many species consist of two or more phases which 
differ in color, in shape of some body parts, or in other traits Al- 
though the phases may appear very striVingly different to the human 
eye (Figure 9 8) they interbreed freely both in nature and m expen 
ments In a number of cases it has been shown (by Ford in some 
butterflies, by da Cunha in a species of Drosophila, etc ) that the 
phases differ in a single gene or in a few genes, and that their mamte 


nance in nature is due to the heterozygotes being adaptively superior 
to the homozygotes Allison (1954) found that at least one hereditarv 
disease is maintained in human populations by a similar mechanism 
Heterozvgous earners of the gene for the sicUe cell anemia are more 
resistant to mahria than are “normal homozygotes which do not 
carry this gene m all Yet the sickle cell homozygotes die of an acute 
anemia (sec page 141) 

Balanced lieterosis is likely to be most important in sexual species 
which are so well adapted and successful m their environments that 
io5,i ' ^ variable, and panmictic populations Crow (1948 
came to the conclusion that at least 95 per cent of the hvbnrl 
vagor m corn is due to balanced heterosis, and 5 per cent or le« to 
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tlie other hand, recessive hereditary diseases occur most frequently m 
families with much consanguinity, that is, Nvherc parents are relaliscs 
Genetic Mechanisms ^Mneh Bring about Heterosis As pointed out 
in Chapter 7, “lietcrosis* is n common name for sr\cral different phe 
nomtna Perhaps the simplest of these is mulational heterosis We 
ln\c seen (pages 139-142) that recessive mutants accumulate m popu 
lations of species which rcprotluce scxiiallj and by cross fertilization 
No matter how deleterious, or even lethal, may lie a mutant when 
homozygous, it is “sheltered” in hetcrozygotes with normal dominant 
alleles A heterozygous carrier of a serious recessive hereditary dis 
ease may enjoy robust health Tims it happens that m wild popula 
tions of Drosophila, and doubtless of many other organisms as well, 
most individuals are carriers of one or more cleletenous recessives 
Tlie frequency of any one deleterious mutant in the gene pool, how- 
ever, IS usually so low that, when individuals who mate are not very 
closely related the probability that both parents would by chance 
carry the same deleterious recessive mutants is not very great The 
defective homozygolcs are consequently, rare m the populations so 
long as consanguinity is avoided 

Suppose that a recessive gene which is deleterious when homo 
zygous has a frequency q % 001 in the gene pool of a population As- 
sume that this population reproduces sexually, that it consists of a 
large number of individuals, and that it is panmictic (the matings 
occur at random) The frequency of homozygotes who will suffer 
from the harmful effects of this gene in this population will, then, be 
q- Si 0 OP, or one per 10,000 individuals (see Chapter 6, and particu 
larly page 120) The hereditary disease or malformation produced by 
the homozygosis for this gene will be a rare one in the population 
But suppose now that we are dealing with a population m which 
matings of brothers and sisters occasionally tale place Brothers and 
sisters have a fifty fifty chance of havmg both inherited a given gene 
from their parents Tlie probability that the siblings who mate will 
both carry a recessive which one of their parents carried in heterozy 
gous condition is 0 5 X 0 5 = 0 25, or one quarter A quarter of their 
progeny is likely to be homozygous for the recessiv e Thus one six 
teenth of the progeny of a brother sister mating will be homozygous 
for any one gene inherited from the grandparents Self fertilization 
IS, of course, a form of inbreeding even more extreme than brother 
sister mating If a self fertilizing individual of for example, wheat 
IS heterozygous for a recessive mutant gene, a quarter of its progeny 
will be homozygous for that gene 
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eral blood groups and of taste blindness is due to bihnced pol>Tnor- 
phism’ May the excessively fat and excessively lean persons which 
occur m human populations represent the homozygoles, the existence 
of which in the species is a necessary by-product of the normal well- 
proportioned heterozygotes being in a majontv in these populations^ 
Only more research can answer these and other fundamental ques- 
tions of basic population biology of man 

Suggestions for Further Reading 

Danvin Ch 186S Vorw/ions of Plants and Animals under Domesttcalton 
Though the evidence which Darwin Ind at Iik disposal concerning the origins 
of domesticated animals and plants was much less than is availible at present his 
boolc remains a classic which is well worth reading It is avatlible m severil 
editions 

Simpson G G 1951 Horses Oxford Universit> Press New \ork 
A delightful^ written as well as scholarly discussion of the evolution of fossil 
snd living horses 

Hutchinson J B Silow, R A and Stephens S G 1947 The Etoluiion of 
Gossypium and the CullKated Cottons Oxford University Press London 
A study of the wild and cultivated cottons and their origins 

Mangelsdorf P C 1947 The ongin and evolution of maize Affiances tn 
Genetics Volume 1 pages 161-207 

Mangelsdorf P C , and Smith C E Jr 1949 New archeological ctiifencc on 
ciolution in maize Harvard University Botanical Museum Leaflets, Volume 13 
pages 213-247 

Stebbms G L 1950 Variation and Evolution m Plants Columbia University 
Press New York 

Chapters VIII and IX contain an excellent discussion of the origin of species by 
polyploidy 

Gowen J XV (Editor) 1952 Heterosis 

A symposium on heterosis and its applications m agriculture The articles writ- 
ten by J F Crow and P C Mangelsdorf are particularly interesting 

Lemer I M 1954 Genetic homeostasis John XViley New Xork 

The most modem discussion of the genetic liasis of heterosis and of its evolu 
tionary significance 
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miititjoml heterosis In hrge popiihtions the c/Tects of a rare gene 
on tlie fitness of homozygotes arc relatively unimportant compared to 
its effects in hctcrozygotcs Tins Is because the homozj gotes for rare 
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Figure 9 8 The color patterns on the abdomen of the fly Drosophila polijmorpha 
living In many parts of Brazil These patterns are produced by homozygosis and 
heterozygosis for two alleles of a single gene denoted E md e Female and male 
abdomens of each genotype are shown { From da Cunha ) 

genes occur much less frequently relitive to the heterozygotes (see 
page 121) Wallace (1931) has shown that balanced heterosis devel- 
ops in laboratory populations of Drosoplula subjected to continuous 
treatment witJi radium ra>s, although this treatment induces numer- 
ous deleterious mutants How important fs the balanced heterosis in 
maintaining the “normal fitness in populations of domestic animals 
and in man himself? Is it possible that the existence in man of sev 
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eral blood groups and of taste blindness is due to balanced polymor- 
phism’ May the excessively fat and excessively lean persons uhich 
occur m human populations represent the homozygotes, the existence 
of which m the species is a necessary by-product of the normal” well- 
proportioned hetcrozy gotes being in a majontv in tliese populations’ 
Only more research can answer these and other fundamental ques- 
tions of basic population biology of man 
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Prcfomnlion and Epigenesis IH\ mg rtlirctl early from a profitable 
business, Antony van Leeuwenhoek of Delft, Holland, became an 
amiteur microscopist eager to examine anything under his microscope 
In 1675 he examined the seminal fluids of several animals including 
man He saw swimming in these fluids the “animalcules" or the 
spermatozoa as we would say now Tins was a discovery enough 
to make anybody famous, but a few years later another countryman of 
Leeuwenhoek improved” on it bv publishing a picture of a human 
spermatozoon in the head of which he saw a 'homunculus,” a tiny 
figure of a man (1694) This seemed a really magnificent discovery, 
for it appeared to solve at one stroke the difficult problems of heredity 
and development The human body js all ready, preformed, m the 
male sex cell, all it needs to become an adult man is to increase in size 
To be sure, some of the authorities of that time did not feel con- 
vinced that the homunculus resides in spermatozoa, and preferred to 
look for him in the female sex cell the egg But whether they be- 
longed to the school of animalcuhsts" or to that of ovists,” they 
believed the idea of preformation to be an excellent one Especiallv 
so when Jan Swammerdam of Leyden, Holland, developed the idea 
by supposing that the homunculi in the sex cells contain within them 
still smaller homunculi, those have more minute homunculi, and so 
ad infinitum The reproductive organs of Adam— or of Eve— contained 
within them the entire mankind to come, packed hke boxes within 
boxes The utter absurdity of this notion was not obvious at the time 
since it was not realized that withm a few generations the homunculi 
would have to be smaller than atoms 

The preformation theory, and its extreme version the “box theory, 
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Progression of Living Beings 


appealed strongly to many people To the Calvinists it gave a scien- 
tific confirmation of the doctrine of predestination The philosopher 
Leibniz (1648-1716) saw that the theory explained very simply the 
whole creation, as well as the immortality of the soul and the dogma 
of original sin The whole world was preformed all at once, for all 
ages to come All that has happened in the universe since then is a 
gradual unfolding of something that was there, from the beginning 
The homunculus variety of the preformation theory was disproved 
by Malpighi (1628-1694) and Kispar Wolff (1733-1794), who showed 
that the hen s egg contains at the beginning nothing whatever rc 
sembhng a miniature chick The 
chick embryo develops gradually, 
passing through a succession of 
stages which are by no means just 
larger or smaller copies of one 
another The development is c/« 
genetic, it is a succession of qiiah- 
tativ ely different processes follow- 
ing each other m a definite se- Figure 10 1 A /lof/iiinciifiis imagmeil 



quence Wol/F regarded tins epi 
genesis to be a product of a vital 
force and it remained for Karl 


lo exist in T human spermatozoon by 
an eulv microscopist (After Hart 
soeVer lDO-1 from Curtis nnd Guthrie ) 


von Baer (1792-1876) to give a scientific version of the epigenetic 
theory of embryonic development 

Do not imagine, however, tint the preformist way of thinking in 
biology is dead As we shall sec, jn one form or another it always 
existed, and probably always will exist Tlie same is true of the epi- 
genetic way of thinking The idea that things are preformed, pre 
destined just waiting around the corner for their turn to appear, is 
pleasing and comforting to many people Everything is destiny, fate 
But to other people predestination is a denial of freedom and novelty 
They prefer to think that the flow of events in the world may be 
changed creatively, and that new things do arise The influence of 
these two tvpes of thinking is very clear in tlie development of bio 
logical theories 


Progression of Living Beings The living things which we observe 
m the world around us are tremendously diversified What sense if 
any, is there in their diversity? A possible answer is that we see m 
nature a progression of things from a less perfect to a more perfect 
state and that the h\mg creatures occupy different steps in this smcle 
ladder of progress To Anstotlc (3M-B22 b c ), “The nature advanL 
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by small steps from inanimate things to animate After the realm 
of lifeless tilings, there follows the realm of plants The plants 
appear to be animate compared to other things, but inanimate com' 
pared to the animals * Among marine life we find, according to 
Aristotle, creatures which occupy steps, intermediate between plants 
and animals Thus sponges arc almost exactly like plants, whereas 
oysters and mussels are somewhat more animal like Then follow 
"bloodless” animals (which we now call invertebrates), and those 
which have blood (vertebrates) Among the last, we have the differ 
ent steps of perfection represented by fishes, birds, ovaparous quadm 
peds (reptiles), and viviparous quadrupeds (mammals) The top 
rung of the ladder is occupied by man Just below man are the 
monkeys, which share some human and some quadruped properties 

To Aristotle the ladder of progress did not mean that the occupants 
of the upper rungs have arisen by an evolutionary process from those 
lower down on the ladder (see Chapter 14) The ladder is just there, 
it IS preformed This idea was tremendously popular nght down to 
the nineteenth century To Leibniz, the “force of the principle of 
continuity" is so great that he ventures to predict that whenever some 
rungs of tlic ladder seem to be unoccupied (that is, when intermedi 
ates between some groups of living beings are unknown), their occu 
pants wall be discovered b> further studies This sounds almost like 
the assurance of an evolutionist that “missing links” between existing 
groups of organisms have existed m the past and become extinct To 
Leibniz it meant only that the preformed order of nature cannot be 
incomplete The Swiss zoologist Bonnet (1720-1793) worked out the 
ladder of nature in greatest detail It begins (starting at the top) 
with man— orangutan— monkey— quadrupt d— flying squinrel—bat— os- 
trich— bird— etc The steps between animals and plants are occupied 
by polyps— sea anemones— sensitive plant (Mimosa)— plants, and tlie 
steps between the living and non bving by truffles— corals— fossils— as- 
bestos— talcum Ihe bottom is "pure earth”— water— air— fire— “finer 
matters ” 

Lamarck (1744-1829) the pioneer of evolutionism, took the leap 
into the future by asserting that the more complex organisms have 
actually evolved from the simpler ones The diversity of living 
creatures is not preformed, it has arisen in the courst of time But 
Lamarck still clung to the notion of a smgle ladder of progress al- 
though he had it branch m some places This mistake cost him 
dearly His adversary Cuvier (1768-1833), the great anatomist and 
paleontologist, had little difficulty m showing that no single ladder 
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of progress exists in the biological world The contemporaries thought 
that Cuvier had invalidated the idea of evolution as well 
Types Living creatures are obviously too diverse to be arranged 
m a single file from the highest to the lowest A slight acquaintance 
with the anatomy of a bat will show that, contrary to Bonnet, it is in 
no way intermediate between a mammal and a bird Another notion 
can be tried instead— the notion of type, which has already been 
mentioned in another connection (page 134) According to Plato 
(427-347 B c ), the world as wc see it consists of mere shadows of the 
real but invisible world of eternal, unchangeable, and perfect ideas 
of things Men as we see them are variable, and many are miserable 
specimens, but there exists in some heaven the Idea of Man of in 
conceivable purity, beaut}, and perfection Animals and plants are 
also variable, but an acquaintance with them shows that many or- 
ganisms resemble each other, as though they were variations on a 
limited number of basic themes These basic themes were called 
types or ground plans 

In 1790 the great poet Goethe (1749-1832) published a biological 
work, The Metamorjihoses of Plants, m which he devised the Primeval 
Plant’ (Urpflanze, in German) According to Goethe, “Everything is 
a leaf What he means is that vanous organs of the plant, such as 
the cotyledons of seeds, petals and sepals of flowers, stamens and 
pistils which are the male and the female organs, are all modifications 
of a single structure— the leaf (Figure 10 2) Through this sim- 
plicity,’ says Goethe, becomes possible the greatest diversity of forms 
among plants, which he has carefully observed himself and studied in 
the works of others Goethe is quite explicit in saying that the Primeval 
Plant which he describes and figures does not actually exist now, and 
presumably never existed as an ancestor of all other plants Although 
some historians are eager to make Goethe an evolutionist, he was not 
one The Primeval Plant is the ideal type of a plant and the plants 
that actually grow are varying manifestations of this type Goethe, 
and his younger countryman Oken (1779-1851), tned also to devise a 
ground plan of the vertebrate animals, or rather of skulls The skull 
bones are modifications of slx vertebrae Again this did not mean a 
reconstruction of an actual ancestor with six extra vertebrae in place 
of a head, it meant onH the concept, the Idea of the animal 
We hav e already mentioned Cu\ ler as an opponent of Lamarck To 
Cuvier, all animals were variations of four great types or ground plans 
those of the vertebrates, mollusks, segmented animals (arthropods and 
worms), and radially symmetrical animals Having extensively studied 
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the fossils found in the vicinit> of Firis, Cuvier knew well that his 
four tjpes are represented in the different strata by different animals 
Had he studied fossils also in other countries, he might have seen that 
the changes of the inhabitants from stratum to stratum meant evolu 
tion But it so happens that near Pans there are siv sharply different 
geological formations, the intermediates between which are not rep 
resented To Cuvier, this meant that hfe on earth was repeatedly 
destroved bv some catastrophes, and repeatediv created anew, and 
always according to the same ground plans* 

Homology The idealistic philosophy of Plato, leading to constnic- 
tion of ideal tvpes or ground plans, proved to be a wrong guide to 
the understanding of organic form Nevertheless, the work of the 
t>pologists vielded many facts that are of enduring value In com 
paring different animals or plants, we readily notice that some of their 
organs and body parts have the same fundamental structure, although 
they may be different m appearance and in use The English anato 
mist Owen proposed in 1843 to call such organs or body parts homolo- 
gous But the phenomenon to which this name applies was known 
to Aristotle, who saw quite clearly that human arms are the homologues 
of the forelegs of quadruped mammals In 1555 the Frenchman Belon 
compared the skeletons of a bird and a man and identified the homolo- 
gous bones, which he indicated by similar letters in the two draw mgs 
m Figure 10 3 Belon s drawings are perfectly acceptable m a manual 
of comparative anatomy today 

In modern terms Goethes Primeval Plant embodies his correct rec- 
ognition of the homology between corresponding parts of the same 
plant such as leaves and flower petals (this is called serial homologij), 
as well as between parts of different plants {sjjecial homology) 
Cuvier’s four types of animal structure were also based on his ability 
to perceive the homologies of the corresponding parts in different 
animals The great problem is this how does homologv arise'^ The 
solution of this problem was supplied by Darwin different organisms 
possess homologous organs because they are descended from a com 
mon ancestor By and large, the greater the similarity in the body 
structure, the closer is the common ancestry, the less the similarity, 
the more remote is the descent relationship 

Homology does not prove evolution m the sense that nobodv has 
actually Witnessed the gradual changes in the millions of consecutive 
generations which led from a common ancestor to a bird on the one 
and and to man on the other But homology suggests evolution, 
he facts of homology make sense if they are supposed to be due to 
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Homologies of the Mouth Parts in Insects 

Homologies of tlie Mouth Parts in Insects Figure 10 4 shows tlie 
homologies of the mouth p'lrts in some insects The homologous parts 
ire shown similarly labeled At first sight, the mouth parts of the 



Figure 10 4 Homologous mouth parts in a grasshopper a hone> bee and a mos 
quito lb bbium «ath its palpi Ir labrum md mandibles tnx maxilU with its 
palpi on antenna 


biting t>'pe like those of a cockroach or of a grasshopper, are differ- 
ent from those of a sucking tjpe found in a bee a mosquito, or m a 
fl\ But a patient stud> not only of the evtreme kinds of mouth parts 
showm m Figure 10 4 but also of many other kinds of insects, some of 
which seem to bridge the gaps,” gradualU sheds light on the situa- 
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evolution of now tliffcrent organisms from a common stock They 
do not make sense otherwise To be sure, some dic-Jiard anti evolii 
tionists still insist that homology means only that the Creator gralui 
tousl) cliosc to make Iiomologous organs in quite imrchtcd organisms 
Tins opinion ma\ he said to be implicitly blasphemous it actuallj ac 



Figure 10 3 Homologous bones in the skeleton of a bird and a man as drawn 
by Belon m 1555 (After Zimmennann ) 


cuses the Creator of arranging tilings so that they suggest evolution 
merely to mislead honest students of His works 

The phenomena of homology explained by evolution are, of course, 
innumerable Descriptive zoology and botany may be said to be 
concerned chiefly with detecting homologies Belon s homologizing 
the skeletons of man and bird was of course, followed by similar suc- 
cessful comparisons of the skeletons of all vertebrates, from fish to 
man The science of comparative anatomy of vertebrates deals with 
identification and description of homologous organs m the different 
vertebrate animals 
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Homologies of the Mouth Parts m Insects Figure 10 4 shows the 
homologies of the mouth parts m some insects The homologous parts 
are shown similarly labeled At first sight, the mouth parts of the 



palpi an antenna 

biting t>-pe, hke those of a cockroach or of a grasshopper, are differ 
ent from those of a sucking t>'pe, found m a bee a mosquito, or in a 
fl\ But a patient stud\ not onU of the extreme kinds of mouth parts 
shown in Figure 104 but also of man> other kinds of insects some of 
which seem to “bridge the gaps," gradualK sheds light on the situa- 
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tion The student begins to perceive what pieces of tlic mouth nn 
chmcr> of a mosquito correspond to the different parts of the cock 
roach moutli Finall) it becomes evident tint all the innumerable 
insects really have their month apparatus built out of homologous 
pieces, but these pieces can be vastly different in form Pre Darwin 
lan biologists woukl have said tint all insects Invc their mouth parts 
built as variants of the same ground plan We must add tint the onl) 
reasonable interpretation of the generality of the ground plan jet 
proposed is that it indicates common descent All insects have evolved 
in the course of time from similar progenitors 

Next, vve should ask ourselves this question vvlnt Ins caused the 
mosquito mouth to appear so different from the cockroach mouth? 
The reasonable liypotliesis is lint these insects have different mouth 
parts because thej feed on different foods A cockroach bites off 
pieces of solid or scmi solid foods with its mandibles, then masticates 
tlie food with its mandibles and maxillae, and finally pushes it down 
the mouth opening located at the base of the labium It has organs 
of chemical sense on the palpi of the maxillae and the labium, which 
test the quality of the food The delicate parts of the mouth are pro 
tected by the shield of the labium A female mosquito gels its food 
m an entirelj different way, by drawing blood from animals much 
larger than itself With the mouth parts of a cockroach it might 
never bite through the skin, or if it did would cause the animal much 
pam and a defense reaction Instead, a mosquito pierces tlie skin 
with the aid of its mandibles and maxillae transformed into finest and 
sharpest needles The operation is often so nearly painless tliat the 
animal frequently does not perceive the presence of the bloodthirsty 
insect and does not drive it away The mosquito sucks the blood up 
into its mouth through a fine tube formed by its labmm Tlie mouth 
parts of a cockroach would be far less efficient for this purpose, md a 
mosquito would be quite unable to feed on the kind of food which a 
cockroach eats 

However, we must beware of thinking that the nature of an organ 
IS explained by finding out the function which this organ performs 
Animals and plants do not get organs just because they need them 
or can com eniently use them To think so would mean ascribing pur- 
poses to nature This is teleologtcal reasoning, which has no place in 
science because it explains nothing But the fear of teleology can be 
earned too far Some biologists go to the extreme of saying that the 
function of an organ has nothing to do with its bemg there Yet no- 
body can deny that man has eyes to see with, and a mosquito has its 
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mouth parts to get blood with It is pedantic to quibble even about 
the statement that the purpose of the eyes is seeing There is really 
nothing objectionable about such a statement, \\hich simply describes 
what the organ does, pro\ided that one always keeps m mind that 
the presence of an organ and its function are at the opposite ends of 
a long and complex chain of cause and effect relationships Some of 
the connecting links in this causal chain are the processes of mutation, 
sexual recombination, and natural selection o\er a long senes of gen- 
erations Darwin has done away with teleology, by giving a rational 
explanation of the evolutionary processes which mold an organ so 
that it becomes fit for the performance of a given function (For 
further discussion of this problem, see Chapter 14 ) 

Analogy Different functions make homologous organs dissimilar 
m form Similar functions may make different, non homologous or- 
gans come to resemble each other Owen (1843) proposed to call 
such organs analogous A classical example of analogy is the wings 
of a bird, a bat, and a butterfly These organs are unquestionably 
similar m function-they are, indeed, wings But they are very dif- 
ferent in organization A bat wing is a skin fold between the four 
fingers of a hand, the bones of the fingers being lengthened to perform 
a supporting function, like the ribs of an umbrella A fifth finger, the 
thumb, IS short and has a strong claw, by means of which the animal 
suspends itself while at rest from a branch of a tree or a ceiling of 
a cave In a bird the supporting surface of the wing is composed of 
feathers, not of a skin fold The skeletal framework of a bird wmg 
corresponds to that of the whole human arm but the finger bones 
(phalanges) are elongated in only one finger, other fingers being 
rudimentary Now, although the bones of a bat wing and a bird wing 
are homologous, the wings themselves are quite differently constructed 
The wings of a butterfly consist of a membrane formed bv two layers 
of cells, supported by wing veins which are thickenings of the mem- 
brane Parts of a butterfly wing are not homologous to parts of either 
bat or bird \\ mgs These are analogous organs 

As stated above, early zoologists regarded bats to be intermediate 
between mammals and birds (Bonnet, in the eighteenth century, still 
earlier Gesner, in the sixteenth, and others) We can see that the 
resemblance of bats to birds is due chiefly to analogy, to the presence 
of organs of dissimilar structure which however, serve similar func 
tions— wings for flying Otherwise the bodies of bats are built like 
those of mammals, bats, indeed, are mammals Whales were consid 
cred gigantic fishes, until John Ray (1627-1705) pointed out that they 
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Weithe with lungs mstcid of svUh gills, Ime a heart wth two ^en 
tncics hkc mammals instead of a single \cntncle like fishes, and 
resemble mammals in c\er>tInnR csccpt In the almost complete ab- 
sence of Intr And jet wlnlcs and porpotscs ceriainlj resemble fishes 
in bod) shape more than the) do anj other mammals The reason 
for this IS not far to seek the streamlined botl> shape and the presence 
of fms instead of legs arc greatl) advantageous for living m water 
Nntunl selection has favored in water dwelling animals, whether in 
fish or in mimmals, those charactenslics which fit them for the water 
hfe As far as the hod) slnpe is conccnicd the ancestors of a fish 
nml a wlnle were prcsumabl) less similar than these animals ore toda) 
The evolution was in this case contergent But note that the con 
vcrgtnce has affected onl> some tratls which invc a direct bearing on 
the way of hfe as a water inhabitant Tlic bodv structures as a whole 
have not converged 

Natural and Artificial Classification “Without chssificafion-only 
chaos,” such was the admonition of Linnaeus (1707-1778) to the 
jonng science of biology Animals and plants must be classified for 
the same reason that books must be classified in anj large hbrar) or 
stamps in any large collection Anybody who has tried to find a hook 
misplaced in librar> stacks knows (his b> crxiencncc But how shouW 
the classification be made? Tlic diiBcuU) arises because different 
systems of classification are possible Stamps are classified usuall) 
by countr), then b> tune of issue b> denomination and b> variations 
m the shade of color and of perforation But books ma> be classified 
according to (he name of the author or by language or according to 
the subject matter or the date of publication Living beings var) in 
man) more ways than either stamps or books, hence the choice of their 
classification system is even more complev 

None of the methods of classifymg books are intrinsicaily better 
tlian the others and each method is more convenient, and is therefore 
used in some libraries The convenience of a classification when it 
IS being used is then, the cintenon of its validity The Book of Leviti 
cus divides the water dwelling animals into those which have fins and 
scales and those which do not This division separates for example 
the eels from fishes and combines them with a lot of most diverse 
invertebrate animals The Roman Pliny divided the animals into those 
living on earth in water and m the aur This system combines bats 
with birds, whales and porpoises with fishes and places the am 
phibians athwart the dividing line Biologists find these classifications 
inconvenient because, it is said are artificial instead of natural 
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A mtural dassificahon must take into account the greatest possible 
number of characteristics of the organisms classified Thus sajing 
that an animal is a fish tells a zoologist at once that it respires with 
gills, has a heart with a single ventricle, a certain structure of the 
brim, of the kidneys, and many other things A mammal respires with 
lungs, has a heart w ith two ventricles, different brain and kidney struc- 
tures, feeds its young with milk, usually has hair, etc Pliny s classifi- 
cation does not do so well for the purposes of a zoologist, because it 
tells him at most whether he should look for the animal in water or 
out, and next to nothing about the body structure of thit animal 
This is, of course, not a lalid objection against an artificial classifici 
tion, such as that of the Book of Leviticus, inasmuch as its author had 
m mind purposes quite different from those of a zoologist 
In making the natural classification we must, then, distinguish be- 
tween homologv and analogy To do this requires a great deal of 
study and insight, and it took centuries to erect what we reasonably 
believe to be the natural system of the animal and plant kingdoms 
As a matter of fact, Aristotle made a classification which vve consider 
much superior to Pliny’s For example, he did distinguish mammals, 
birds, reptiles and fishes although he did not perceive that a cuttle- 
fish (a cephalopod mollusk) is an animal really very different from an 
ordinary fish Linnaeus keenly appreciated the advantages of natunl 
classification, and vet his division of the plant kmgdom into twenty - 
four classes is pretty artificial by modern standards The Lmnaean 
classes were based entirely on the structure of the reproductive organs 
(flowers), and fifteen of the classes differ merely m the numbers of 
the stamens which a flower possesses Cuvier did much better classi- 
fying animals, but Ins group Radiala, combining forms as diverse as 
corals, sponges and sea urchins, is an artificial one 
Phylogenetic System Quite a new understanding of the meaning 
of natural classification was given by Darwin Before Darwin, zoolo- 
gists and botanists had to strive for classifications which expressed 
the fundamental, rather than orUy superficial, similarities and dissimi- 
larities of the animals and plants But the classification so arrived at 
was completelv static, it was just there, preformed in the order of 
things To Darwm the fundamental similarities (homologies) meant 
evidence of descent from common ancestors A cl issification which 
expressed these similarities became, then a description of the evolu 
tionarv development, of the phylogeny, of the organisms so classified 
A natural svstem is one which puts together the near kin, and sep- 
arates the distant relatives 
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To some of Dan\in’s successors, cspccnllj to Haeckel (1834-1919), 
this idea became the cornerstone and the Inspiration of their uorL 
Building the natural system of animals and plants is now more than 
construction of a catalogue of organisms for the convenience of fcl 
low biologists It IS also a study of the pedigree of the living vvoild, 
of the history of its evolutionary development It is fair to say that 
the last decades of the nineteenth century were dominated in biologv 
hy the building of the system of organisms under the guise of study- 
ing their phylogeny The modem classification of animals and plants 
was achieved thanks to the labors of a multitude of zoologists and 
botanists chiefly of that century 

This immense work may now be regarded as finished m the mam 
although, of course, numerous special problems still await solution 
For example, there is no reasonable doubt that mammals, birds, and 
reptiles are natural classes But the Australian monotremes (the 
duckbill and the spiny anteater) are a curious group, tlie evaluation 
of which is still in doubt They have hair and nurse their young like 
mammals, and yet lay eggs in reptilian fashion and have some other 
odd structural features Some authorities consider them intermediate 
between reptiles and mammals and related to the ancestral stock bv 
means of which a group of reptiles give nse to the mammals Other 
authorities believe the monotremes to be rather an independent off 
shoot from the reptiles, the mammals having ansen from something 
quite unlike the monotremes 

In 1894-1896 Haeckel published his great w ork Systematic Phytog- 
eny, a Shetch of a T^atural System of Organisms 'Based on their Descent, 
in which he presented what he believed to have been a genealogic tree 
of the living world Many biologists are at present rather less opti 
mistic about the reliability of such genealogies than were biologists m 
Haeckels day After all, the modem natural classification of organ- 
isms IS still based on the same kind of data which were used bv Lin 
naeus and by Cuvier To be sure these data are at present incom- 
parably more complete and detailed than they were a century or two 
centuries ago but the phylogenetic mterpretation of the natural sys- 
tem has not changed the classification to any appreciable extent 
There is no reason to doubt that similarities between organisms usu- 
ally indicate common descent, except when the similarities are due to 
analogy rather than to homology However, if we desire to leam 
somethmg about thi actual history of life on earth the study of the 
now living organisms no matter how detailed, is no safe substitute 
for the study of fossils 
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Biogencttc Law 

Biogenetic Law The end of the nineteenth and the beginning of 
the present century saw most biologists busily constructing phylogenies 
of the animal and plant kingdoms As we ln\ e seen, the chief method 
used for this purpose was careful comparatwe study of the bodv struc- 
tures of diverse organisms, which usually permitted homologies to be 
distinguished from analogies Another and almost equally potent 
method was the study of the development of the organisms, especialh 
of the embrvonic development 

The bodies of animals and plants are often most intricately and 
wonderfully built ^et these bodies arise from very obscure begin 
nings, single egg cells fertilized bv single sperms, and by means of 
developmental processes which have seemed utterly mysterious Tlie 
preformation and bo\ theories (see above) tried to solve the problem 
bv pushing it back to the act of original creation, but this proved a 
wrong lead Examination of the embryos of different organisms 
showed at once that these theones lacked foundation Nehemiah 
Grew (1682) found that an apple seed contains a structure which in 
no way resembles a miniature apple tree Animal embryos were stud- 
ied beginning with Fabricuis of Aquapendente m Padua (1537-1619) 
and his great English pupil, William Harv-ev (1578-1657) Malpighi 
(1628-1694) was apparentlv the first to applv to this study the then 
novel instrument— the microscope Wolff, von Baer (see page 223), 
Purkinje (1787-1869), and their successors built the science of em 
brvology, which progressively unraveled the developmental stages of 
all classes of living beings Evervwhere the development proved to 
be epigenetic rather than preformistic 

Embryologists were impressed bv a rather different aspect of the 
matter In 1821 Meckel concluded Embryos of higher animals pass, 
before they complete their development, through a succession of stages 
The embryos of higher animals of mammals and especiallv of 
man pass through stages resembling more or less completely, in the 
appearance of separate organs as well as of the whole body the 
lower animals Indeed, the body starts by being a single cell and is 
to that extent like the unicellular organisms Then it becomes com- 
posed of two layers of cells the ectodenn and the endoderm like a 
hvdra or a coral Especially impressive was the discoverv that mam- 
malian and human embryos at a certam stage have in the neck region 
gill pouches and gill bars In these embryos these structures never 
function m respiration but in the fishes they do A mammalian em 
brvo then passes a fish stage” The embrvonic development of 
higher organisms seems to retrace a sequence of bodv structures cor- 
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responding first to the lower and then to progressive!) higher forms 

Dirvvin pointed out tint the above observations arc most easilv 
understood If the higher organisms arc tlic e\olutjonar>’ descendants 
of the lower ones Ilncckcl, who had a talent for making pith) for 
muhe, expressed tlie Idea thus “Ontogeny (the development of an 
individual) is a brief and rapid recapitulation of the ph) logon) and 
he gave to this formula the ambitious name of the “basic biogcnctic 
law” (18G6) If the embryo of an organism is an archive which con 
tains a telescoped c\olutionar> liislor)', the stud) of the embryonic 
development becomes a mcthotl of unraveling the pli)logen) of the 
group Haeckel and his many followers cagcrlv proceeded to do just 
that The result was accumulation of accurate and detailed data on 
the embryology of all kinds of organisms However, most biologists 
arc at present inclined to beheve that the "basic biogcnctic Kw” rather 
overstated the extent to vvhieb the embryonic development is an ac- 
curate record of tlie past evolutionary history The situation may be 
understood best b) considering two examples of the evidence rele- 
vant to the issue 

Development of the Urogenital Orgnns m Vertebrates Three lands 
of kidneys occur among the vertebrates, knowoi as pronephros, meso 
nephros, and mclanephros A pronephros is a senes of tubules, which 
draw waste products not from the blood stream but directly from the 
liquid filling the spaces between the organs m the bod) cavity These 
waste products are conducted to the outside of the body by means of 
a pair of tubes— the pronephne ducts The pronephros functions as a 
kidney only m the most pnmilive vertebrates, such as young lampreys 
(Cyclostomata) but a pronephros is nevertheless formed in the em- 
bryos of all other vertebrates In the mammalian embryo it never 
functions as an organ of excrehon, but it is there just the same (Figure 
10 5) 

Next, there appears in the embryos of all v ertebrates a pair of kid 
neys of quite different structure— the mesonephros These kidneys 
have an abundant supply of blood vessels from which the renal tubules 
draw the waste products The mesonepliros communicates with the 
outside by means of a duct called the Wolffian duct which develops 
by modification of the pronephne duct This is tlie functional hidney 
of most fishes and of amphibians but it is formed, next to the proneph 
ros, also m the embryos of the repbles, birds, and mammals In these 
embryos, however, it is only a temporary arrangement, which soon 
disappears leaving behind the Wolffian duct which is put to other 
uses (Figure 10 5) 
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Figxue 10 5 Diagrammahc representation of tlie urogenital organ sjstem m \jri 
ous vertebrate aniinals The 5e\ glind is shown stippled pnmary kidnej (pro- 
nephros) b\ honzontal shading secondary bdne> (mesonepliros) bv vertical shrd 
mg and terliarv kidnej (metanephros) bv cross shading B, unnary bladder G 
gut Sf Mullenan duct (oviduct), P, penis, U ureter \V Wolffian duct 
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In the higher vertebrates there arises a tlnril kiclne>, tlit, metaneph 
ros, which is tlie urine scerttor in the adult animals It has a duct 
of its own, called tlic ureter Tlie nictanephros and its ureters are 
wholly absent m fishes and amphibians 

The development of the excretory organs, the kidneys, is mtimntel) 
connected with the development of the reproductive organs In the 
frog and other amphibians the sperm produced by the testes is con 
ducted to the outside through the incsontphric, Wolffian, ducts The 
eggs from the ovary arc picked up by another pair of ducts, the 
Mullerian ducts Tlicse tvso pairs of ducts, the Wolffian and the 
Mullerian, are formed in the embryos of most vertebrates Thus the 
human embryo about six weeks old has both of them In the male 
embry'O the Wolffian ducts persist and become the sperm ducts, losing 
all relation to the adult kidneys m the reptiles, birds, and mammals 
The Mullerian ducts disappear, except for small vestiges In the 
female, the Mullerian ducts develop into the oviducts, and in mammals 
also into the ut6rus and a part of the vagina The Wolffian ducts dis 
appear, leaving behind two rudiments m the ovary (Figure 105) 

Why should pronephros and mesonephros, which arc the kidneys of 
the lower vertebrates, be formed and then disappear in the embryos 
of the higher vertebrates? This would certainly be inexplicable if 
the higher vertebrates were not the descendants of the lower Again, 
an anti evolutionist would have to blame God for having arranged 
things just to mislead the zoologist The biogenetic law does contain 
an important kernel of truth But il does not follow that a human 
embryo is m a lamprey stage when it has the pronephros, and in a 
frog stage when it has a mesonephros At these or at any other stages 
the human embryo has no far-reaching resemblance to any adult am 
mal Von Baer staled the facts clearly as early as 1828, when he wrote 
“An embryo of a higher animal is never basically like any other ani- 
mal only like the embryo of the latter In other words, the develop 
ment of the embryo does not reproduce for our benefit the portraits 
of the near or remote ancestors But the evolutionary descent is mam 
fest in embryos forming certain organs homologous to those found in 
the adults of quite different, but phylogenetically related, organisms 

Larvae of Some Crustaceans Just as with the embryos remark 
able similarities are often found between the larvae of animals which 
are quite dissimilar as adults Many lower crustaceans such as the 
little copepod Cyclops, produce eggs from which hatches a very tiny 
but characteristic free swimmmg larva called the nauplius (Figure 
10 6) The naupbus with its three pairs of legs, eventually meta- 
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FiijUre 10 6 Similarity of tlie Iar\ tl singes (below ) in crustaceans winch are nery 
different as adults (above) From left to right (A a) The free swimming copepod 
Cyclops (B Zj) the gooseneck bnmacle Lepas which lives attached to rocks by 
a peduncle and (C c) Sicculinn which in adult condition lives as a parasite on 
crabs Sacculinas body gives off root like outgrowths which i>enetnte inside of 
the body of the victim and envelop its internal organs (shown only on the left 
side in C) The different animals are not drawn to same scale 
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inorplioscs into an adult Cyclops, InMog sc\cnl pairs of legs and leg 
like appendages, a complex nerve system and sense organs, as well 
as organs of reproduction Tlic barnacles loolv In the adult condition 
about ns unlike a Cyclops as can be imagined Instead of svvimming 
freely m water (in the plankton), a barnacle is attached to rocks or to 
the surface of other organisms on the sea bottom or in the tidal zone 
It usually has a hard shell consisting of several calcareous pieces, in 
side of which is found an animal glued to Its support bv its head 

The classification of barnacles was long in doubt Even so pcrspica 
Clous a zoologist as Lamarck placed them in Ins phylogenetic system 
between the segmented worms and the mollusks It was not until it 
was discovered that the barnacles begin their existence as typical 
nauphus larvae that they were placed as an order, Cimpedia, among 
the cmstaccans (Figure 10 6) Some other close relatives of the Cy 
clops and of the barnacles are in the adult condition unlike either 
Thus the Saccuhna is a parasite living on crabs Its body is a shapeless 
sack containing chiefiy the enormous reproductive organs, this sack is 
connected to a system of root like processes which penetrate inside the 
crab’s body and envelop the digestive tube of the latter Saccuhna 
needs no digestive organs of its own because it absorbs the food di 
gested by tlie gut of the crab! And yet the larvnl form of tins para 
site which has lost almost all semblance of animal form is still o free- 
swimming nauphus (Figure 106) 

Taking the biogenetic law literally, vve would have to conclude that 
the ancestor of Cyclops, of barnacles, and of Saccuhna was a kmd of 
nauphus which reached sexual maturity and reproduced m a state 
which in its descendants is a passing larval phase But no such animal 
actually exists, and it is regarded unlikely that it ever existed The 
nauphus phase is there not for the enlightenment of zoologists but 
because having it is useful to the creatures Barnacles and Saccuhna 
do not move freely when mature, the nauphus larva being the stage 
in which they become dispereed and find places to live The develop 
mental and embryonic stages, like the adult condition, are subject to 
evolutionary changes Mutations occur which alter the embryo and 
natural selection perpetuates the genotypes which yield developmen- 
tal patterns most advantageous not only in tlie adult stage but also 
during the whole lifetime 

The common ancestor of the Cyclops and of the Cirnpedia was not 
a nauphus but it probably did pass a nauphus like larval stage Hav 
ing this kind of larva proved selectively advantageous for many of its 
descendants, although the adult forms became adapted to quite dif 
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ferent ways of life and became very strikingly unlike An embryo or 
a larva is not simply an archive of the evolutionary records It is a 
livmg organism, a dynamic biological system, which is maintained or 
modified by natural selection in accordance with the demands of the 
environment m which the organism lives It is only fair to add that 
Haeckel realized all this, but he nevertheless created for his phy- 
logenies a lot of theoretical mtennediale links between the now- 
existing organisms These intermediates have lived only on the pages 
of books m which they were described 
Vestigial Organs Another line of evidence bearing on the evolu- 
tionary history is found in the presence in many organisms of vestigial 



Figure 10 7 Skeleton of a whale including a vcsUgul pelvis which seems tn 
perform no useful function m this anunal (After Romanes from Newman ) 


organs Thus the spinal column in man ends m several small vertebrae 
which form the bone called coccyx The coccyx is buned among 
muscles instead of projecting to the outside, but it is obvious that the 
coccyx IS the homologue of the tail vertebrae of other vertebrates 
Indeed, the human embryo develops a tail which to begin with is 
about as prominent as the tails of embryonic mammals which have 
tads when adults However, in the human embryo the tail does not 
grow as fast as the body does, and by the sixth vv eek of pregnancy it 
may already be classed as a vestige To give another example, the 
whale has under the skin in the belly region some relatively small 
bones which are the remains of the pelvis and of the hind legs 
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morplioscs into an adult C> clops, having sc\cral pairs of legs and lej 
like appendages, a complex nerve sjstem and sense organs, as we 
ns organs of reproduction Tlic barnacles look in tlie adult conditio 
about ns unlike a Cyclops as can be imagined Instead of swimmin 
freely in water (in the plankton), a barnacle is attached to rocks or t 
tlic surface of other organisms on the sea bottom or in the tidal zon^ 
It usually has a hard shell consisting of several calcareous pieces, ir 
side of wlijcli IS found an animal glued to its support by its head 

The classification of barnacles was long m doubt Even so perspic' 
Clous a zoologist as Lamarck placed them in Ins phj,logenotic s>ster 
between tlie segmented worms and the molliisks It was not until i 
was discovered that the barnacles begin their existence as typica 
nauplius larvae tliat they were placed as an order, Cirnpedia, amonj 
the crustaceans (Figure 106) Some other close relatives of the C> 
clops and of the barnacles arc in the adult condition unlike eithei 
Thus the Saccuhna is a parasite living on crabs Its body is a shapeles 
sack containing chiefly the enormous reproductive organs, this sack i 
connected to a system of root like processes, which penetrate inside thi 
crab’s body and envelop the digestive tube of tlic latter Saccuhni 
needs no digestive organs of its own because it absorbs the food di 
gested b> the gut of tlie crabl And yet the larval form of this para 
site which has lost almost all semblance of animal form is shll a free 
swimming nauphus (Figure 106) 

Taking the biogenetic law literally, we would have to conclude thal 
the ancestor of Cyclops, of barnacles, and of Saccuhna was a kind ol 
nauphus which reached sexual maturity and reproduced m a state 
which in its descendants is a passing larval phase But no such animal 
actually exists, and it is regarded unbkely that it ever existed The 
nauplius phase is there not for the enlightenment of zoologists but 
because having it is useful to the creatures Barnacles and Saccuhna 
do not move freely when mature the nauphus larva being the stage 
in which they become dispersed and find places to live The develop 
mental and embryonic stages like the adult condition, are subject to 
evolutionary changes Mutations occur wluch alter the embryo, and 
natural selection perpetuates the genotypes which yield developmen- 
tal patterns most advantageous not only in the adult stage but also 
during the whole lifetime 

The common ancestor of the Cyclops and of the Cimpedia was not 
a nauphus, but it probably did pass a nauplius like larval stage Hav- 
ing this kind of larva proved selectively advantageous for many of its 
descendants, although the adult forms became adapted to quite dif 
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law, m the list anil>sis, is simpl> an expression of the unih and of a 
rehtive stabiliU of the dei elopmental system m e%olvition 

Biochemical Homology MorphoIog\, the stiid\ of the external ind 
inatomicil structure of the bod\, de\ eloped in the historx of biological 
science before phjsiologv, which imestigales the processes which tike 
place in the organisms The theorx of exolution was a great generali- 
zation derived chiefly from morphological evidence We have, how 
ever, pointed out that a bodv structure is alvvavs an outcome of de- 
velopmental processes which are basically phvsical and chemical A 
trait,” such as color or shape of some body part is an outward sign of 
phvsiological processes which have brought it about The current 
century has seen rapid progress in physiology, and it is now becoming 
possible to trace physiological evolution just as classical evolutionists 
traced its morphological aspect Some biologists even believe tha^ 
“our final theory of evolution wall see it largely as a biochemical proc- 
ess" (Haldane, 1937) 

Almost two centuries ago Lavoisier, the fatlier of chemistry, discov 
ered that the process of respirabon resembles in a general wav that of 
combustion A molecule of sugar combines with si\ molecules of oxy- 
gen to give carbon dioxide, water, and heat thus 

CrllijOtj -b GO. — ► 6CO> + CllgO -f Energy 

But the work of the last quarter of a century has showai that the 
combustion in the living body is a vastly more intricate and interesting 
process, which occurs with the aid of many enzymes and involves 
mam intermediate steps A description of this process, which has 
been studied in most detail m the muscles of higher animals cm be 
found in any modern textbook of physiology or biochemistry In a 
most general wav, complex sugars (such as glycogens in anim ds or 
starches m plants) are first split to the simplest sugar, glucose Glu 
cose is combined with phosphonc acid (“phosphorvlated ) to a glucose 
phosphate and through some ten further reactions facilitated by a 
senes of specific enzymes, turned into pvTuvic acid (CsHiOj) The 
phosphorylation occurs with the aid of a remarkable substance ideno 
sine triphosphate abbreviated ATP ATP has i high energy content, 
which It transfers to the phosphorvlated glucose The degradation of 
the glucose phosphate to pvnivie acid involves, however, liberation of 
much energy which is used up m the functioning of the living cell 
(such as contraction of the muscle) Pvtuvic acid is then broken 
down to carbon dioxide and water by in even more complex system 
of ciizvmatic rtictions, known as the citric acid cycle The im- 
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Why should man possess a token of a tad and a wlialc ha\e a trace 
of die pelvis? Why should mamm'tlian embr>os develop pronephros 
kidneys vvhicli tliey never use? Tlicrc was a tune when the zoologist 
Scvtnno (15SO-1050) and the botanist dc Candolle (1775-1841) re 
girded vestigial organs simply as somenjrs left b) nature to indicate 
the type, or ground plan, which it followed in constructing a given 
creature With Darwin and his followers the vestigial organs became 
tlio show pieces of evolutionism Mans coccyx testifies that our 
ancestors possessed a vvapgahlc tail, whiles pelvis is there because 
whiles ancestors hid four legs and made use of their pelves Human 
embryos hive a pronephros because our fish like ancestors had one 

There Is, indeed no doubt that vestigial rudimentary organs silently 
proclaim the fact of evolution But evolution does not explain their 
presence compltlcly After lU some organs may be lost m evolution 
without leaving a trace Tlic venmform appendix of tlic caecum m 
tcstinc IS a vestigial organ m min but the intestine of the cat has no 
vermiform appendix If the Itumin coccyx, tlic vermiform appendw, 
or the breasts in male in animals ore really useless to their possessors 
why did they not disappear entirely? 

To understand this, we must remember tint heredity, development 
and evolution are cssenltally epigenetic and not preformistic We do 
not inherit from our ancestors, close or remote, separate characten or 
organs functional or vestigial What we do inherit is, instead, genes 
which dctennine tlic pattern of developmental processes Tlie fer 
tilized egg IS a single cell which becomes many cells these cells 
become compounded into various organs and ac<iinre various physio 
logical functions, the body grows reaches a stage when it is capable 
of reproducing its like and finally becomes old and dies Embryonic 
recapitulations and vestigial organs are integral parts of the develop- 
mental patterns which the now living organisms have inherited from 
their evolutionary ancestry The coccyx arises in the process of build 
mg the spinal column the development of a whale embryo follows 
some of the paths which are common to all mammals and involve 
formation of a pelvis and of hind legs the pronephros appears because 
the urogenital system arises by this method When we talk or write 
about the anatomy of man or of some other organism we are likely 
to represent the body as the sum of organs or tissues which develop 
independently in ontogeny and m phylogeny But in reality it is the 
developmental system as a whole vvlntdi is preserved or modified by 
natural selection in the process of evolution Haeckels biogenetic 
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porlanl thing here is tlial tlio chemicjl reactions arc reversible, so that 
the processes c-in go in citlicr direction, depending on the presence 
in the colls of various substances involved and on the need for or the 
availability of excess energy Such on arrangement, according to the 
principles of pliysical chemistry which vve need not consider here, is 
most economical in that it docs not waste energy on lical production, 
and in that the living cell can respond adaptively to changes m its 
environment 

It IS most significant for our purposes lint this chborate chemical 
micluncry is remarkably widespread in the living world It is found 
not onl> in quite different kinds of cells in higher animals (muscles, 
liver, kldnc} nerve cells), but also in quite different organisms, such 
as insects, molliisks, protozoans, plants, yeasts, and even bacteria It 
IS at present impossible to tell how great may be the differences 
between the processes of cellular respiration in different groups of 
organisms But it is vcr> clear lint these processes have much more 
in common in most diverse organisms than any biologist would have 
ventured to speculate until these similarities were actually found We 
are dealing here with most striking bioclicmical homologies which 
attest that the whole living world is really one large family adapted 
to subsist in different manners in different environments An anti- 
evolutionist would have a hard time to account for tlie inexplicable 
caprice of a deity who chose to install exactly the same enzymatic 
mechanisms in a human bod> cell and in a yeast cell 

Biochemical Variations and Evolutionary Relationships Here we 
may consider just one example of the kind of biochermcal evidence 
which throws light on the evolutionary relationships of morphologically 
quite different organisms 

The evolutionary denvation of the phylum of vertebrates, to which 
belong the higher animals from fish to the gentle reader of this book, 
has been a happy hunting ground for speculation among zoologists 
Every major animal phylum was at one time or another considered a 
possible ancestor or cousin of the vertebrates, there was even an at 
tempt to derive the vertebrates from fossil relatives of modern spiders, 
the so called water scorpions The least strained of these speculations 
related the vertebrates to the echmoderm phylum (sea urchins star- 
fishes, brittle stars, sea cucumbers, etc ) The chief evidence in favor 
of this view is an obscure marine animal, the acorn worm (Balano 
glossus, Figure 10 8 ) This animal has its nerve system located on the 
dorsal side from the gut as m all vertebrates, and not on the belly 
(ventral) side as m the invertebrates It has gill slits hke a fish 
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(remember (be presence oS giH b-rrs in mimmabm embrios'), ind l 
structure nluch some aulbonlies considered to lescmWe tbe notochord 
oi a lertebrate None o! tbe ecbinoderms has a trace of an\ of these 
features But the lam of the acorn worm has a most un vertebrate 
appearance, and an unmistakable resemblance to the hnae of the 
echmoderms It mav be, then, that the acorn worm is the last sur- 
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Mvor of A kind of animaU t>wit were teKted to the ancestors of both 
vertebrates and echmoderms 

Recentlj i group of English biochemists (Needham, Bddwin, and 
\udkin) produced strong supporting evidence m favor of the above 
hvpotbcsis Associated with the adenosine triphosphate (ATP, see 
above) in the muscle cells is another subst^nc^ phosphagen, which 
IS mvohed in the rtsvnthtsis of the ATP after muscle contraction 
But the pbosphagens arc not the same in the muscles of different 
animals Muscles of vertibrates have a kind of phosphagen called 
creatine phosphate The invertebrates use a related but different 
substance arginine phosphate But there ate exceptions the jaw 
muscles of some sta urchins contain both ertatme phosphate and 
arginine phosphate, side b> side, \he brittle stars appear to ha\>e? 
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portanl thing litre is that the chcmica! rcictions are rc\erstble, so that 
tlic processes cm go in either direction, depending on the presence 
in tlic cells of \anous substances invohtd and on the need for or the 
availability of access energy Such an arrangement, according to the 
principles of physical chemistry vvhtcli we need not consider here, is 
most economical in tint it docs not waste energy on heat production, 
and in that the living cell can respond adaptively to changes in its 
environment 

It IS most significant for our purposes that this chborale chemical 
machinery is remarkably vvidtsprcad in the living world It is found 
not only in quite different kinds of cells in liigher inimals (muscles, 
liver, kidney, nerve cells), hut also m quite different organisms, such 
as insects, molhisks, protozoans, plants, yeasts, and even bacteria It 
IS at present impossible to tell how great may be the differences 
between the processes of cellular respiration in different groups of 
organisms But it is verv clear that these processes have much more 
m common in most diverse organisms than any biologist would have 
ventured to speculate until these similarities were actually found We 
are dealing here with most striking biocliemical homologies which 
attest that the whole living world is really one large family adapted 
to subsist in different manners in different environments An anti 
evolutionist would have a Iiard time to account for the inexplicable 
caprice of a deity who chose to install exactly the same enzymatic 
mechanisms in a human body cell and m a yeast cell 

Biochemical Variations and Evolutionary Bclationships Here we 
may consider just one example of the kind of biochemical evidence 
which throws light on the evolutionary relahonships of morphologically 
quite different organisms 

The evolutionaiy derivation of the phylum of vertebrates, to which 
belong the higher animals from fish to the gentle reader of this book 
has been a happy hunting ground for speculation among zoologists 
Every major animal phylum was at one tune or another considered a 
possible ancestor or cousin of the vertebrates, there was even an at 
tempt to derive the vertebrates from fossil relatives of modem spiders, 
the so called water scorpions The least strained of these speculations 
related the vertebrates to the echinoderm phylum (sea urclims, star- 
fislies, brittle stars, sea cucumbers, etc ) The chief evidence in favor 
of this view IS an obscure marine animal, the acom worm (Balano- 
glossus. Figure 10 8) This animal has its nerve system located on the 
dorsal side from the gut, as in all vertebrates, and not on the belly 
(ventral) side as in the invertebrates It has gill slits like a fish 
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but still perceptible A dog serum gi\es little or no precipitate at all 
Klan and dog sera are chemically very different 
With proper technical refinements the serological tests are made to 
give quantitative data which may be used to evaluate the biochemical 
(or, more precisely, serological) resemblances and differences between 
organisms Such serological comparisons have been made for a va 
Tiety of animals and also for some plants By and large, the serological 
differences go hand in hand with the differences in the body structure, 
and consequently with the position of the organisms involved m the 
modern natural classification system This being so, some interesting 
attempts were made to us« serological reactions as a criterion of rela 
tionship where the usual morphological data yield not wholly satis- 
factory results Thus some zoologists consider rabbits and hares to 
be so different from mice squirrels, guinea pigs, and beavers that they 
put the rabbits and hares in a separate order, Lagomorpha, and the 
latter group m the old order Rodenlia (rodents) Other zoologists 
consider the Ugomorphs and rodents to be members of a single order, 
Rodentia Moodv and his collaborators found that rabbits are sero 
logically very unlike the rodents In fact, their data show a closer 
similarity between a rabbit and cattU than between a rabbit and a 
guinea pig or a rat This is, of course, evidence m favor of giving the 
lagomorphs the status of a separate order 
Gent Homology The resemblance between the hearts of a whale 
and of other mammals is unquestionably due to homology, whereas 
the resemblance between the fins of a whale and of a fish is due to 
analogv The whale is undoubtedly a mammal and not a fish, but the 
distinction betw een homology and analogy b not alvvay s so easy Tlie 
lagomorphs and the rodents have very similar gnawing incisor teeth 
Should we give a greatir weight to the morphological similarity of the 
teeth or to the biochemical difference revealed by the serological 
tests'^ Have the lagomorphs and the rodents inherited their gnawing 
incisors from common ancestors or acquired them independently by 
convergent evolution^ Because of the possibility of such doubts, it is 
interesting that the phenomenon of homology extends right down to 
the gene level of biological organization 
Suppose that half of the male progeny of a Drosophila female are 
red eyed md the other half are white-eved (cf page 61) Ignonng 
the possibility of mutation, we can say that the red-eyed males carry 
the same gene for red eyes, or, more precisely, the division products 
of the red gene which their mother earned m its X chromosome Simi- 
larK , the vv hite ey ed sons have white genes descended from the white 
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creatine pliospintc, like the vertebrates At Icist one species of star 
fisli Ins onl> arpmine plmsphatc The only other animal which is 
unorthodo’c in this respect is again the acorn svomi Some species of 
BiHnoglossus Invc onij creatine phospinte, but one species has been 
reported to Invc both crtatine and arginmc pliosplntes 

This does not mean, of course, tint the vertcbnlc animals have 
descended from sea urcluns or from ncom worms, any more than 
Darwins tbeor)'- naeinl tint "man k descended from a rnonkc> * The 
now fiMng cchmodcrms arc nlioul as unlikely ancestors of die verte 
brates as any animal can be TIic luoclicmicaf michmery of the echmo 
derm muscles shows, however, a spccticular varnbilily, such as could 
be expected in a group of animals the ancestors of which were also 
the mcostOTS of the acorn worms and of the vertebrates 

Serological Reactions One of the most remarkable adaptive re 
actions in (lit higher animals is their ability to protect flicmsclves 
against the invasions of patliogcnic microorganisms bv formation of 
antibodies (see page 13) Wlicn bactena or varuscs, abve or killed, 
arc introduced into the blood stream there appear in the blood serum 
(tht liquid portion of the blood) cbcmica! substances, antibodies, 
which can kill or nciitrah^e the microorganisms of die same kmd which 
induced the formation of the antibodies This natural protective 
reaction however, may be used expenmenfany to produce data bear 
ing on the problems of luocbcmical similarities and dissimilarities 
between organisms 

Suppose that human blood, or mmeed tissue, is injected into a suit 
able ammal such as a rabbit After a while the senim of the injected 
rabbit wdJ contain antibodies to the human blood This change can 
be detected by mixing m a test tube some serum of the immunized 
rabbit witli human serum, (he “immune reaction vvdj be manifested 
by the formation of a precipitite which will settle on the bottom of 
the test tube Of course this immune reaction will develop with a 
serum of any human being not only that of the individual who fur 
nished the material injected into the rabbit This fact means that all 
Jjuman beings .are chenmcalJy smul.ar enough so that a rabbit im 
munized against the serum of one is immunized to all human sera 

Nevt, the serum of a rabbit immunized against human serum ma> 
be mixed with the serum of a chimpanzee or other anthropoid apes A 
precipitate is formed, showing that the chimpamree blood proteins are 
much like the human ones But the serum of a monkey, such as a 
baboon, gives a very much weaker immune reaction with less pre 
cipitate Here the chemical simihuntses are evidently more limited 
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but still perceptible A dog serum gives little or no precipitate at all 
Man and dog sera are chemically very different 
With proper technical refinements the serological tests are made to 
give quintilativ e data which may be used to evaluate the biochemical 
(or, more preciseh , serological) resemblances and differences between 
organisms Such serological comparisons have been made for a va 
riety of animals and also for some plants B> and large, the serological 
differences go hand m hand with the differences m the bod> structure, 
and consequently with the position of the organisms involved in the 
modern natural classification system This being so, some interesting 
attempts were made to use serological reactions as a critenon of rela- 
tionship where the usual morphological data yield not wholly satis- 
factory results Thus some zoologists consider rabbits and hares to 
be so different from mice, squirrels, guinea pigs, and beavers that they 
put the rabbits and hares in a separate order, Lagomorpha, and the 
latter group in the old order Bodentia (rodents) Otlier zoologists 
consider the lagomorphs and rodents to be members of a single order, 
Rodentia Moody and his collaborators found that rabbits are sero 
logically very unlike the rodents In fact, their data show a closer 
similarity between a rabbit and cattle than between a rabbit and a 
guinea pig or a rat This is, of course, evidence in favor of giving the 
lagomorphs the status of a separate order 
Gene Homology The resemblance between the hearts of a whale 
and of other mammals is unquestionably due to homology, whereas 
the resemblance between the fins of a whale and of a fish is due to 
analogy The whale is undoubtedly a mammal and not a fish, but the 
distinction between homology and analogy is not always so easv The 
lagomorphs and the rodents have very similar gnawing incisor teeth 
Should we give a greater weight to the morphological similarity of the 
teeth or to the biochemical difference revealed by the serological 
tests^ Have the lagomorphs and the rodents inherited their gnawing 
incisors from common ancestors or acquired them independently by 
convergent evolution^ Because of the possibility of such doubts, it is 
interesting that the phenomenon of homology extends right down to 
the gene level of biological organization 

Suppose that half of the male progeny of a Drosophila female are 
red eyed and the other half are white eyed (cf page 61) Ignoring 
the possibility of mutation, we can say that the red eyed males carry 
the same gene for red eyes, or, more precisely, the division products 
of the red gene which their mother earned in its X-chromosome Simi 
larly, the white eyed sons have white genes descended from the white 
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geno in the oilier X chromosome of tlieir mother We can take a long 
further step and saj that the rctl and the uhitc genes, a\hich act as 
alleles, are both descendants of a gene a\hich ^^as present in a common 
ancestor of the flics crossed Indeed, mutations which produce while 
alleles from red have been repcatcdl) obsened Tlie wliife and the 
rctl alleles of the “while gene” m Drosophila mclanogastcr arc certainly 
homologous 

Drosophila siniulans, a species very similar to Drosophila mclanogas 
ter, also has red c> os, and also produces by mutation white eyed strains 
Does Drosophila slmtilans ha\c a homologue of the “white gene" of 
Drosophila mcfonogas/cr? We can be sure that it does, because the 
two species can be crossed, and, alUiough the offspring arc sterile, 
they show that the eye color in the hybrids between the species is 
inherited exactly as it is within either parental species Sturtevanl 
has found by means of similar evidence that Drosophila mclanogaster 
and Drosophila simtilans carrv a number of homologous genes In 
fact, no gene has been found present in one species but lacking a 
homologue in the other Gene homology was demonstrated by similar 
experunents also in some other pairs of species that can be crossed 
and produce hybrids Harland, Stephens, and others ha\e carried out 
particularly elegant in\ cstigations of this sort in sc\ eral related species 
of cottons (concerning these species, sec Chapter 9) The presence 
of homologous genes in different species is, of course, the strongest 
possible evidence of the descent of these species from a common an 
cestor short of actual resynthesis of these species in experiments (cf 
Chapter 9) 

Many species cannot be crossed, or produce hybnds which fad to 
survive to the stage when certain body traits, such as coloration, de- 
velop Such species may nevertheless produce strikingly similar mu- 
tants For example, while eyed mutants due to sex linked recessive 
genes are known m about a dozen different species of Drosophila 
Even more remarkable is that different species of rodents and lago- 
morphs (domestic mouse, rat, guinea pig, rabbit) and even repre 
sentatives of other orders of mammals (cattle, sheep horse, dog cat, 
man) give rise to kindred mutants Thus most of the species named 
have albino forms due to recessive gene alleles, genes which produce 
charactenstic kinds of spotting genes which give the “wild” (agouti) 
coloration of the pelage etc A not very rare dominant gene in man 
giv es a light "forelock of hair, as well as an albinotic condition of parts 
of the skin on the face chest, and abdomen (the manifestation of this 
gene is particularly striking in normally dark skinned races) It is 



Are Genes Prejormistic? 249 

tempting to compare this gene with genes which give a similar dis- 
tribution of white parts in other animals, such as dogs and cats 
Different species, genera, and even different orders of mammals ma> 
still have some homologous genes, descended from the genes which 
were carried in their common ancestors This is, indeed, most likely 
justified, at least for the parallel color mutants m the different rodents, 
but we must beware of placing too much reliance on inferences of this 
kind When the gene homology in different species cannot be dem 
onstrated by crossing these species and cvamining their hybrids, the 
phenotypicallv similar mutants may be analogous rather than homolo 
gous That this danger is a very real one is shown by the existence 
within the same species of phenolypically similar mutants which aic 
produced bv non homologous, and non allelic genes For example, 
several eye color mutants are known in Drosophila melanogasicr which 
differ from the normal flv by having a bright red eye It is hard to 
distinguish these mutants (called vermilion, cinnabar, scarlet, cardinil, 
etc ) by inspection, and yet the genes which produce them lie in dif- 
ferent chromosomes, and the hybrid offspring of the different recessive 
mutants have a normal eye color Human genetics has also several 
instances when similar traits are produced by different genes For 
example, there are it least two different genes which give color blind- 
ness 

Are Genes Prcformistic*^ The discovery that many fundamental 
biochemical processes are similar in most diverse organisms (sec 
above) makes the problem of gene homologv especially difficult It 
IS the more so since the important work of Beadle and his school has 
developed the idea that an intimate relationship exists between genes 
and enzymes Working particularly with the fungus Ncurospora, 
this school found, especially after 1940, tliat many mutations induced 
by ultraviolet treatments and other means have each just one step 
blocked m some metabolic reaction chain It looks as though every 
gene is responsible for the production of just one enzyme which 
mediates some chemical reaction m the metabolic machinery of the 
cell, or at least that there is a one genc-one function relationship in 
the cell physiology 

Several enzyones performing apparently identical functions have 
been discovered m organisms as different as mammals and veist or 
bacterial cells, and there is every likelihood that such discoveries will 
be multiplied m the years to come Should we conclude on this basis 
that man and bacteria still possess some genes m common? Some 
biologists regard such a conclusion as likely and others as improbable 
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cue in tlic otlicr X*cljromosomc of their mother We can tale a long 
irlhcr step and si> tint the red md the uhitc genes, which act as 
llclcs, art both descendants of a gene which was present in a common 
nccstor of the flits crossed Indeed, mutations which produce white 
llclcs from red have been rcpcitcdl) o!)Scr\cd Tlic white and the 
id alleles of the ' white gene" in Drosophila inclanoi^aster arc ccrtamlj 
omologous 

Drosophila simulans, a species \cry similar to Drosophila nicJanogas 
ir, also has red c>es, and also produces b> mutation white-e^cd strains 
•ocs Drosop/i//a shnidans haNe a homologuc of the "white gene" of 
'roso/)/i//o mclanogasler? We can be sure that it does, because the 
VO species can be crossed, and, althougli the offspring arc sterile, 
ley show that the e>e color in the h>brids between the speaes is 
ihcnled exactlv as it is within either parental species Stu^te^ant 
is found b> means of similar evidence that Drosophila mclanogaster 
id Drosophila simulans carrj a number of homologous genes In 
let, no gene has been found present in one speaes but lacking a 
imologue in the other Gene homologv was demonstrated by sinular 
cpenmtnts also in some other pairs of species that can be crossed 
id produce hybrids Harland, Stephens, and others ha\e carried out 
irticuhrly elegant investigations of this sort in seieraj related species 
' cottons (concerning these species, sec Chapter 9) Tlie presence 
homologous genes m different species is, of course, the strongest 
issible evidence of the descent of these species from a common an- 
istor short of actual resynlhesis of these speaes m experiments (cf 
hapter 9) 

Many species cannot be crossed, or produce hybrids which fail to 
irvive to the stage when certain bodv traits, such as coloration, de- 
ilop Such species may nevertheless produce strikingly similar mu 
nts For example, white eyed mutants due to sex-linked recessive 
:nes are known in about a dozen different species of Drosophila 
ven more remarkable is that different species of rodents and lago* 
orphs (domestic mouse, rat, guinea pig, rabbit) and even repre- 
ntatives of other orders of mammals (cattle, sheep, horse, dog cat, 
an) give rise to kindred mutants Thus most of the species named 
ive albino forms due to recessive gene alleles, genes which produce 
laractensbc kinds of spotting genes which give the wild” (agouti) 
loration of the pelage etc A not very rare dominant gene in man 
vesalight forelock of hair, as well as an albinotic condition of parts 
the skin on the face, chest, and abdomen (the manifestation of this 
■ne IS particularly striking in normally dark skinned races) It is 
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begin to decipher the chemical nature of these reactions, tlie gene 
became tied to an enziane or to a “function ’ 

There the matter rests for the present More bno\^ledge about the 
nature of the gene action and of the embiaonic deaelopment is needed 
to thro\\ neu light on tlie fundamental biological problems in\ol\ed 
here In conclusion however, it should be stressed that similantv of 
the knowai end effects of genes does not prove that these genes are 
identical Consider, for example, the fact that all classes of vertebrates 
have ejes of basicallv the same structure Harland pointed out 
(1936) that it does not follow from this that the same genes make the 
eves of a fish of a bird, and of man In fact, there ma\ not be anv 
particular genes which make the eje in anv of these The formation 
of the eye in the development is a part of the devxlopment of the 
embryo as a whole which is governed not by any one gene but b\ 
the whole genotype Of course changes (mutations) of some genes 
are known to strike at some parts of the developmental machinerv 
(such as the development of the eye or of some of its parts) more than 
at other developmental processes However, it is not only possible 
but, indeed, likely that different, non homologous and non*allelic, genes 
may show such effects in different organisms Muller (1939) has 
called this the change of the gene function the role which a gene 
plays m the development of the organism does not remain constant 
in the evolutionarv process even though some organs (such as eyes) 
remam clearly homologous for long times during the evolutionary 
history The presence of the same enzymes m human beings and in 
yeast cells means, then that these enzymes play adaptively verv nn 
portant, and perhaps irreplaceable, functions in the cellular metabo- 
lism But even if the specificity of each enzyme is impressed upon it 
bv one and only one gene it is probable that different genes do it in 
man and m the yeast 
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The oltitudes of different biologists towards this unsolved problem 
reflect in a most interesting manner the preformist and the epigenetic 
types of thinking which, ns we have seen, art traceable in biological 
scluict almost from its inception 

As described in Chapter 4, the tarl> ideas eonccming the nature of 
heredity were clearly prcfomnstic Darwms hypothesis of pangcnesis 
assumed a two waj relationship between the organs of the body and 
the sex cells The organs and tissues manufacture each their owar 
vestiges called gcmmules, the gcinmulcs are transported to the re 
productive glands through the blood stream or similar means, in the 
•developing embryo each gcmmule gives the organ of which it is 
the likeness According to Wcismann, whose views were influential 
around the turn of the century when genetics got its start, there ev- 
istcd a strictly one way street between the sex cells and the body 
The germ plasm in the sex cells consists of “delermmants” which re- 
produce themselves by division The development is essentially a 
sorting out the determinants present in the fertilized egg until each 
organ and cell comes to contain onlj the determinant which makes 
that cell what it should be m the finished organism Surelj Weismann 
has not imagined a "homunailus hidden in a sex cell or m a chromo- 
some, but in effect his determinants amounted to a sort of a dismem 
bered mosaic the stones of which could make a homunculus when 
put m the right order And, incidentally, it was when Weismann 
attempted to figure out how this mosaic was put together in the em 
bryonic development that his ingenious theory broke down 

The gene of the geneticists was, to begin with, uncommitted either 
to preformism or to epigenesis Johannsen vvlio invented the word 
‘'gene (1909), was especially anxious to keep it austerely pure of 
any such implications, to him the gene was just "something in the 
sex cells which determines various “properties of the organism He 
wisely refrained from speculating about how the determination oc 
curred But the purity did not last long partly because of the Ian 
guage which biologists were using When one speaks of the gene 
for white eyes in Drosophila, a wrong impression is created that this 
gene is concerned with the development of the e> e color and nothing 
else (see however, the discussion of manifold effects of genes, page 
35) The preformism put out by the front door returned by the back 
door Every gene was named for something an organ or a character 
or a disease A visible character, however, is a sign that some physio 
logical reaction had taken place When physiologists and biochemists 
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began to decipher the chemical nature of these reactions, the gene 
became tied to an enz\ me or to a “function ' 

There the matter rests for the present More knowledge about the 
nature of the gene action and of the embryonic development is needed 
to throw new light on the fundamental biological problems involved 
here In conclusion, however, it should be stressed that similarity of 
the known end effects of genes does not prove that these genes are 
identical Consider, for example, the fact that all classes of vertebrates 
have c>es of basically the same structure Harland pointed out 
(1936) that it does not follow from this that the same genes rnake the 
eyes of a fish of a bird, and of man In fact, there may not be any 
particular genes which make the e>e in any of these The formation 
of the eye in the development is a part of the development of the 
embryo as a whole, which is governed not by any one gene but by 
the whole genotype Of course changes (mutations) of some genes 
are known to strike at some parts of the developmental machinery 
(such ns the development of the eye or of some of its parts) more than 
at other devclopm^ ntal processes However, it is not only possible 
but indeed likely that different, non homologous and non allelic, genes 
may show such effects in different organisms Muller (1939) h'ls 
Called this the change of the gene function the role which a gene 
plays in the development of the organism does not remain constant 
in the evolutionary process, even though some organs (such as eyes) 
remain clearly homologous for long times during the evolutionary 
history The presence of the same enzymes in human beings and in 
yeast cells means, then, that these enzymes play adaptively verv im 
portanl, and perhaps irreplaceable, functions in the cellular metabo 
lism But even if the specificity of each enzyme is impressed upon it 
by one and only one gene, jt is probable that different genes do it m 
man and m the yeast 
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The altitudes of different biologists towards this unsolved problem 
reflect in a most interesting manner the preformist and the epigenetic 
t>pcs of thinlving ulnch, as we liavc seen, are traceable in biological 
science almost from its inception 

As described in Chapter 1, the earlj ideas concerning the nature of 
licredity were clearly prcformistic OiiAsms Ii>pothcsis of pangenesis 
assumed a two way relationship between the organs of the body and 
tlic sev cells The organs and tissues manufacture each their own 
vestiges c»alled gcmmules, the gcmmules are transported to the re 
productive glands through the blood stream or similar means, in the 
•developing embryo each gemmiile gives the organ of w’hich it is 
tJie hheness According to Wcismaim, whose views were influential 
around the turn of the century when genetics got its start, there ex- 
isted a stnctly one-way street between the sev cells and the bod> 
Tlic germ plasm in the sex cells consists of “determinants” which re- 
produce themselves by divaston The development is essentially a 
sorting out the dclenmnants present m the fertilized egg, until each 
organ and coll comes to contain only the detenninanl which maVes 
that coll what it should be in the finished organism Surely Weismann 
has not imagined a “homunculus” hidden in a sox cell or in a chromo 
some, but in effect his determinants amounted to a sort of a dismera 
bered mosaic the stones of which could male a lionannculiis when 
put in the right order And, incidcntaJly, it was when Weismann 
attempted to figure out how this mosaic was pul together in the em- 
bryonic development that his ingenious theory’ broke down 
The gene of the geneticists was, to begin with, uncommitted either 
to preformism or to epigenesis Johannsen vvho invented the word 
gene (1909), was especially anxious to keep it austerely pure of 
any such implications, to him the gene was just “something in the 
sex cells which determines various properties of the organism He 
wisely refrained from speculating about how the determination oc- 
curred But the purity did not last long partly because of the lan- 
guage which biologists were using When one speaks of the gene 
for white eyes in Drosophila, a wrong impression is created that this 
gene is concerned with the development of the eye color and nothing 
else (see, however, the discussion of manifold effects of genes, page 
35) The preformism put out by the front door returned by the back 
door Every gene was named for something an organ or a character, 
or a disease A visible character, hovvev'er, is a sign that some physio 
logical reaction had taken place When physiologists and biochemists 
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began to decipher the chemical nature of these reactions, the gene 
became tied to an enzvme or to a ‘function 
There the matter rests for the present More knowledge about the 
nature of the gene action and of the embryonic development is needed 
to throw new light on the fundamental biological problems involved 
here In conclusion, however, it should be stressed that similarity of 
the known end effects of genes does not prove that these genes are 
identical Consider, for evample, the fact that all classes of vertebrates 
have eyes of basically the same stnicture Harland pointed out 
(1936) that it does not follow from this that the same genes make the 
eves of a fish, of i bird, and of man In fact, there may not be any 
particular genes which make the eye m any of these The formation 
of the eve in the development is a part of the development of the 
embryo as a whole, which is governed not by any one gene but by 
the whole genotype Of course changes (mutations) of some genes 
are known to strike at some parts of the developmental machinery 
(such as the development of the eye or of some of its parts) more than 
at other developmental processes However, it is not only possible 
but, indeed, likely that different, non>homologoiis and non allelic, genes 
may show such effects in different organisms Muller (1939) has 
called this the change of the gene function the role winch a gene 
plays m the development of the organism does not remain constant 
in the evolutionary process even though some organs (such as eyes) 
remain clearly homologous for long times during the evolutionary 
history The presence of the same enzymes in human beings and m 
yeast cells means, then, that these enzymes play adaptively very im 
portant, and perhaps irreplaceable, functions in the cellular metabo 
ism But even if the specificity of each enzyme is impressed upon it 
\ one and only one gene, it is probable that different genes do it m 
man and m the yeast 
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The nltitudes of differcnl biologists towards tids unsolved problem 
reflect in a most interesting manner the prcformist and the epigenetic 
types of thinhing vvliicli, as we have seen, are tnccabic in biological 
science almost from its inception 

As described in Chapter 4, the carl> ideas concerning tlie nature of 
heredity were clearly prcformistic Dirwm’s hypothesis of pmgenesis 
assumed a two way relationship between the organs of the bod) and 
the sex cells The organs and tissues manufacture each their own 
vestiges called gemmules, the gemmulcs arc transported to the re- 
productive glands through the blood stream or similar means, in the 
developing embryo each gemmute gives the organ of which it is 
the likeness According to Wcismann, whose views were influential 
around the turn of the ccnlurj when genetics got its start, there ex- 
isted a strictly one-way street between the sex cells and the body 
The germ plasm in tlie sex cells consists of “determinants” which re- 
produce themselves by division The development is essentially a 
sorting out the determinants present m the fertilized egg, until each 
organ and cell comes to contain only the determinant which makes 
that cell what it should be m the finished organism Surely Weismann 
has not imagined a “homunculus hidden m a sex cell or in a chromo- 
some, but in effect his determinants amounted to a sort of a dismem 
bered mosaic the stones of which could make a homunculus when 
put in the right order And, incidentally, it was when Weismann 
attempted to figure out liovv this mosaic was put together in the em 
bryonic development that his ingenious theory broke down 

The gene of the geneticists was, to begin with, uncommitted either 
to preformism or to epigenesis Johannsen, who invented the word 
gene’ (1909), was especially anxious to keep it austerely pure of 
any such implications, to him the gene was just something” m the 
sex cells which determines various properties” of the organism He 
wisely refrained from speculating about how the determination oc 
curred But the purity did not last long, partly because of the lan- 
guage which biologists were using WTien one speaks of the gene 
for white eyes in Drosophila, a wrong impression is created that this 
gene is concerned with the development of the eye color and nothing 
else (see, however, the discussion of manifold effects of genes, page 
35) The preformism put out by the front door returned by the back 
door Every gene was named for something an organ or a character 
or a disease A visible character, however, is a sign that some physio- 
logical reaction had taken place When physiologists and biochemists 



II 


Evolutwn of Sex 

According to Plato s romantic m>lh, the world was at some remote 
lime populated hy perfect beings who were female on one side of the 
body and male on the other Then angry gods sundered the ^vo 
sides, and made the detached hakes, females and males, forever seek 
to restore the lost wholeness in love Until the beginning of the cur- 
rent century, Plato s mvth was about as good an elucidation of the 
origin and moaning of sex as could be had Aristotle, Plato s more 
realistic-minded disciple and rival, declared that the female supplies 
the matter and the male the motion of the future life He thought 
that the female was cold and the male hot ’ Consequently^ the 
conceptions which occur when warm winds are blowing give more 
males, and cold w inds bring more females The conjectures and spec- 
ulations concerning sex which were being solemnly discussed in Dar- 
wins day were not much above the level reached by Aristotle more 
thin two thousand years earlier 

Two discoveries changed the situation at the turn of the twentieth 
century First, the microscope revealed the existence of sex chromo 
somes (see Chapter 3) In organisms with separate sexes every cell 
of a female body differs m the chromosome complement from every 
male cell The behavior of the sex chromosomes at meiosis explains 
very simply how the sex of an individual is decided at the moment 
when the egg is fertilized Second, an insight into the biological mean 
ing of sex was obtained by deduction from Mendels discoveries 
Mendels work showed tint gene recombination m sexually produced 
progenies creates an immense amount of genetic variability and of 
raw maternls for evolution (Chapter 2) Sex arose m organic evo- 
lution as a master adaptation xvhich makes all other evolutionary 
adaptations more readily accessible 
253 
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According to Plato s romantic myth, the world was at some remote 
time populated by perfect beings who were female on one side of the 
body and male on the other Then angry gods sundered the two 
sides, and made the detached haUes, females and males, forever seek 
to restore the lost wholeness m lo\e Until the beginning of the cur- 
rent century, Plato s m>th was about as good an elucidation of the 
origin and meaning of sex as could be had Aristotle, Plato’s more 
reahstic-minded disciple and rival, declared that the female supplies 
the matter and the male the motion of the future life He thought 
that the female was cold and the male hot Consequently, the 
conceptions which occur when warm winds are blowing gi\e more 
males, and cold winds bring more females The conjectures and spec 
Illations concerning sex which were being solemnly discussed in Dar- 
wins day were not much above the level reached b> Aristotle more 
than two thousand years earlier 

Two discoveries changed the situation at the turn of the twentieth 
century First, the microscope revealed the existence of sex chromo- 
somes (see Chapter 3) In organisms with separate sexes every cell 
of a female bodv differs in the chromosome complement from every 
male cell The behavior of the sex chromosomes at meiosis explains 
very simply how the sex of an individual is decided at the moment 
when the egg is fertilized Second an insight into the biological mean- 
ing of sex was obtained by deduction from Mendels discoveries 
Mendels work showed that gene recombination in sexually produced 
progenies creates an immense amount of genetic variability and of 
raw materials for evolution (Chapter 2) Sex arose m organic evo- 
lution as a master adaptation which makes all other evolutionary 
adaptations more readily accessible 
253 
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Since tlic imporlancc of sex in evolution is so grcit, sex itself under 
went ft long nnd complex evolution Perhaps no other biological 
function appears m sucli a Im-vv ildcnng diversity of forms in different 
organisms as docs sexual reproduction "^et, despite this divcrsit), sex 
cver> where serves the same basic biological function— production of 
genetic varnbililv b> gene segregation and recombination Tlie stoiy 
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of the evolution of sex has an intnnsic interest, and moreover it re- 
veals evolutionary principUs of wide significance 

Sexuality m Unicellular Organisms All the fundamental charac 
tenstics of sexual reproduction appear fully formed even m the sim 
plest organisms Figure 11 1 shows the sexual process in the one 
celled green alga, Dunahella The mdmdual cells propelled by tbeir 
flagella, lead independent lives m water, and propagate chiefly dsex- 
ually, by simple fission But under appropriate conditions of light and 
nutrition they tome together and umte m pairs, their bodies fuse com 
pletely and thtir nuclei do likewise The resulting cell (zygote) has 
of courst , twice as many chromosomes m its nucleus as were present 
in the cells which fused (gametes) The zygote may enter upon a 
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period of rest, or it ma> undergo at once hvo meiotic divisions These 
divisions >ield four cells, each with half as manv chromosomes as were 
present in the zy gote, the cells separate and start a new c> cle of inde- 
pendent existence and asexual reproduction 
The critical events in any sexual process are two, fertilization and 
meiosis Both are observed in the alga shown in Figure 11 1, but it 
may be noted that the cells which fuse are so much alike in appearance 
that neither of them can be regarded as female or as malt The two 
sexes in these primitive organisms are called simply plus and minus 
That the plus sex is genetically different from the minus cm be dem- 
onstrated b> a simple experiment Single cells are isolated, md their 
asexual progenies (clones) are kept in separate cultures No sexual 
fusions take place within a clone, since all cells art of the same sex 
But when cells from different clones art mixed, pairs may be formed 
Clones which give rise to pairs are of different sex Tlie difference 
between the plus and minus sexes is inherited very simply, among the 
four cells which arise from a zygote as a result of meiosis, two cells 
give rise to plus and two to minus clones 

A situation known as rclattoe sexuality, which at first sight seems to 
be paradoxical, arises in some algae and some lower fungi which have 
not two but several sexes Figure 11 2 illustrates a case when eight 
sexes can be distinguished, beginning with “strong plus (+4), 
weak plus (+1) weak minus ( —1), and so on to “strong minus” 
(—4) Any plus strain gives sexual fusions with any minus strain, 
but a strong plus gives fusions also with a weak plus, and a strong 
minus With a weak minus The extremes of each sexual group behav e 
towards each other as representatives of different sexes The inheri- 
tance of relative sexuality is rather complex and not completely worked 
out 

Female and Male Sex Cells In unicellular organisms every cell 
mav under proper environmental conditions act as a gamete that is 
participate in a sexual fusion In multicellular creatures there is a 
division of labor between cells of different tissues, cells arc specialized 
to perform different functions An animal body consists of skin cells, 
muscle cells, bone cells, glandular cells, nerve cells, and finally sex 
cells which carrv the function of reproduction The sex cells which 
unite may be alike or thev may be different In some marine brown 
algae the sex cells are as much dike as the gametes shown m Figure 
11 1 Here we cannot, therefore, speak of female and male sex cells 
hut in other brown algae one of the gametes that fuse is much larger 
than Its partner The larger gamete contains a supply of nutnlive 
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materials, it is the female cell Tiie smaller gamete contains little 
food supply but jt is cfiicient!) motile, it is the male gamete 
The (hfrcrcnccs between female and male sex cells art the outcome 
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Figure 112 Rehtlve sexuality In llie alga Clilamjdomonas Eight types of 
strains are distinguished which exhibit xaiying degrees of sexual afRnitv for each 
other The dash — shows that no sexual unions occur m certain combinations 
In otlier combinations a weak mcdiiun or strong sexual affinity is exhibited 
(After Moewus ) 

of division of labor The female furnishes the nourishment for the fu 
ture organism, whereas male cells are speciahzed for rapid mobihty 
In a way, Aristotle was right when he said that the female is the pro 
vider of matter and the male of motion What Aristotle could not 
know was that the female and male sexual elements are alike in that 
both carry nuclei with similar chromosome complements, and conse- 
quently are equally potent and efficient in the transmission of heredity 
In all higher organisms, animals as well as plants, female and male 
gametes are extremely different m size appearance, and structure 
An egg cell may have a mass millions of times greater than the sperma 
tozoon, and yet the female and male cells are very much ahke in their 
genetic contents 




Hermaphroditism 2o/ 

Hennapb-oditistn Ho^^e^e^ sinking are the differences bet%Neen 
female and male gametes eggs and spermatozoa, both kinds of sex 
cells ina\ be produced in the bod\ 
of the same mdiMduals An organ- 
ism v.hich gi'es nse to female as 
ell as to male sex cells is called a 
hcrmaphrodi'p Manx mxertebrate 
animals are hermaphrodites A ma- 
)ont\ of floxxenng plants are also 
monoecxoui or hermaphroditic \ 
fiouer usuallx contains female parts 
which produce ox-ules, and male 
pa’ts which p\e nse to pollen 
grams Some plants such as wil- 
lows howeser are dtoectotK or bi- 
sexuah A willow tree produces 
either female or male flowers but 
not both. 

In snails and slugs (pulmonale 
moUusks), exer\ mdisadual has a 
Slagle hermaphrodite gland which 
produces eggs and spermatozoa at 
the same time The sexual ducts 
which carr> these eggs and sperma- 
tozoa to the outside howexer, are 
separate and so are the female and 
male copulatorv organs (Figure 
113) Self-fertilization of the eggs 
b> the spermatozoa of the same in* 
dindual occurs onl\ rareU The 
usual situation is that two hermaph- 
roditic snails mate and the eirgs of 
each are fertilized bx the sperma- 
tozoa of the other In earthxvornis 
the male and the female sex gjands 
are separate and so are the sexual 
ducts The copulation leads usu- 
alK to mutual insemination Her- 
maphroditism IS rare among insects 
and among xertebrate animals 
Among the latter it occurs onix m 



Figure II 3 Beproductixe organs m 
a li»TtQaphroditic snail g the oro- 
testa o* hpTinaphrodite gland, in 
which both egg cells and sperma- 
tozoa are formed d hermaphrodite 
duet, through which both egg cells 
and spermatozoa pass ag accessotv 
gland od oxxduct, and sd sperm 
dnct, respectixeK spf sp«»nnatheca, 
m which the sperm of another mdj- 
\ndual IS stored after copulation p 
penis and m the muscle retractor of 
penis f fiagellum Id ^o\e dart," 
used in the courtship process mg 
mucous tlands 
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materials, it is the female cell The smaller gamete contains httle 
food supply but it is elRcicntl) motile, it is the male gamete 
The differences between female and male sex cells are the outcome 



Figure 112 Belahve sexuality m the ftlga Chlamydomonas Eight types ol 
strains are distinguished which exhibit varying degrees of sexual affinity for each 
other The dash — shows that no sexual unions occur m certain combinations 
In other combinations a weak, medium or strong sexual affinity is exhibited 
( After Moevvus ) 

of division of labor The female furnishes the nourishment for the fu 
ture organism, whereas male cells are specialized for rapid mobility 
In a way, Anstotle was right when he said that the female is the pro 
vider of matter and the male of motion What Aristotle could not 
know was that the female and male sexual elements are alike in that 
both carry nuclei with similar chromosome complements, and conse 
quently are equally potent and efficient m the transmission of heredity 
In all higher organisms, animals as well as plants, female and male 
gametes are extremely different m size, appearance, and structure 
An egg cell may have a mass milhons of times greater than the sperma 
tozoon, and yet the female and male cells are very much ahke in their 
genetic contents 
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in which self-fertilization is the only method of reproduction probably 
lack evolutionary plasticity 

Many hermaphrodites, therefore, have contrived in the process of 
evolution various more or less ingenious adaptations to avoid self- 
fertilization Perhaps the simplest of such adaptations, found in mam 
plants, IS that the male reproductive organs (anthers) mature either 
before or after the female organs do The pollen of a given individual 
IS thus available only for fertilization of ovules of other individuals 
A more radical method which accomplishes the same function is self- 
sterility Thus in rye, which belongs to a genus (Secalc) closely re 
lattd to wheat (Tnticum) most of the pollen grains fail to germinate 
on the stigma of the same plant which produces the pollen Rye is 
an obligatory cross fertilizer Self sterility occurs also m some her- 
maphroditic animals For example, the sea squirt (Ciona) produces 
sperm which is incapable of fertilizing the eggs of the same individual, 
although there is usually no difiBculty in malting it fertilize the eggs 
of any other individual Sea squirts m adult condition live attached 
to underwater rocks, they discharge their eggs and sperm in the sea 
water, and fertilization occurs outside the bodies of the parents The 
sex cells that unite are derived from different individuals 
Origin of Bisexuality Separation of sexes, bisexuality, is a radical 
method to insure that all reproduction takes place bv cross-fertilization 
Some individuals become females and produce only eggs, and others 
become males and give only spermatozoa Fertilization involves neces- 
sarily a union of gametes coming from different individuals Bisex- 
uality has also the advantage over hermaphroditism that it permits a 
division of labor between the sexes Among animals, males are often 
more mobile and active than females, or males furnish protection to 
the females and cooperate in raising the offspring, or, simply, the two 
sexes carry different organs which it might be difficult to combine in 
the body of one mdiviaual 

In many animals, though not in all, males actively search for fe- 
males and may be highlv poly gamous, females tend to be more passive 
but more choosy Beyond doubt the necessity for the two sexes to 
find each other and to perform the actions needed to bring about 
fertilization has raised numerous biological problems that could be 
solved only with the aid of highly developed nervous systems Thus 
the evolution of mental abilities, culminating in man, might have been 
initiated bv the separation of sexes 

Organisms are known with vanous intermediate stages between 
hermaphroditism and bisexuality They make it easy to visualize the 
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some fishes, m which a young individual first develops and functions 
as one sev, for example, as a female, but then changes into a male 
A vestigial liermnphroditism of a similar kind has been found by 
Witschi also in some species of frogs 

In hermaphrodites the female and male sex cells, as well as the re- 
productive organs m which they are produced, liave the same cliromo 
somes and genes At first sight this may seem strange Why do some 
genetically similar cells develop into eggs and others into spermato 
zoa? Why, in dioecious plants, has the same flower ovoiles and pollen 
grains? Actually this is no more remarkable than that some body cells 
become, for example, hv'er cells and others brain cells, although they 
have, at least initially, the same genotype It should be remembered 
that m a cell, as in an entire organism, the genotype determines the 
reactions to (he environment The fate of a cell may depend upon its 
position in the developing body, and on association with other cells 
The male and female parts of a hermaphrodite are simply different 
organs of the same body 

Self fertility and Sclf-slcrilily Since hermaphroditism occurs chiefly 
among lower and not at all among higher animals, it is probable that 
hermaphroditism is the primitive condition, and that bisexuality arose 
later m the process of the evolution of sex Plato was wrong after all 
it is the separation of sexes into female and male individuals not the 
hermaphroditism, that may be regarded as the more 'perfect" condi- 
tion (see above) But the situation is actually loo complex for any 
such facile judgment Separation of sexes has no unconditional ad- 
vantages over hermaphroditism 

In many hermaphroditic plants, such as wheat self fertilization 
occurs when (he pollen falls on the shgma of (he same Bower In 
some of these self pollinating plants the flowers are so constructed 
that the pollination takes place before the flowers open and before 
the pollen can be transferred to other flowers by wind, by insects, or 
by other means Such an arrangement has advantages as well as 
disadvantages An obvious advantage of self pollination is that a 
regular seed set is assured regardless of the vagaries of weather or of 
insects which transport the pollen in most cross-fertilizing plants To 
offset this advantage, continuous self pollination, like a very close in- 
breeding (see Chapter 9), leads to formation of homozygous pure 
lines In the long run, these pure Imes deplete the store of hereditary 
variability, and rob the species of the chief advantage of sexual re 
production, which is production of new gene combinations Species 
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individual or individuals in the pile are females, the topmost indi 
viduals are males The individuals in the middle are in the process of 
changing from the male to the female sex According to Coe ( 1936 
1948), the maleness m the limpet is a juvenile characteristic, which 
an individual outgrows as it becomes older and as other individual 
become attached to it The transition from hermaphroditism to bi 
sexuality occurs in tlie boat shell withm the lifetime of an individual 
Chromosomal Sex Determination In many groups of organisms 
as among insects and vertebrates, hermaphroditism is rare, and the 
bisexual condition has become firmly established in the course of evolu 
tion The reproductive organs and functions of females and males 
differ so greatlv that anv sexual intermediates ( intersexcs, see below ) 
are sterile and useless to the species It becomes, then, important to 
have the sex of every individual decided so firmly that it will develop 
either as a female or as a male Anv risk of the appearance of sexu- 
ally abnormal individuals should be eliminated or minimized llic 
sex determination which satisfies the above requirement is bv means 
of sex chromosomes The populations consist of two kinds of indi- 
viduals, females and males, nhich differ in their chromosomal com- 
plements and have different norms of reaction to the environment 

The pioneer microscopisl Leeuwenhoek chimed m 1680 that he 
saw two kinds of spermatozoa m the seminal fluid of man and also m 
that of the dog He conjectured that one kind gave females and the 
other, males The curious thing is that his conjecture was right even 
though his observ ation wrong More than two centuries after Leeu- 
wenhoek it was discovered that in many animals half of the sperma 
tozoa contain an X chromosome and the other half a Y chromosome, 
and that the former giv e nse to females and the latter to males ( Chap- 
ter 3, pages 55-60) But even under modem microscopes the X-bear 
ing and the \ bearing spermatozoa cannot be distinguished by their 
appearance in the seminal fluids 

The chromosomal theory of sex determination has elucidated the 
problem vv luch excited man s curiosity for many centuries what makes 
some individuals develop into females and others into males^ The 
answer is that in most though not in all, bisexual organisms, sex is 
decided at fertilization bv the chromosomal constitution which the 
fertilized egg comes to possess Just how the determination of the 
normal sexes takes place can be inferred best by studies of some in 
stance of abnormal or experimentally modified sexuality 
Iriploid Intersexcs in Drosophila The female flies of Drosophila 
melanogastcr have two sets of four chromosomes, including a pair of 
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transitions which may have occurred in evolution Some plants pro 
duce female flowers, and male flowers, as well as hermaphroditic 
flowers on the same individual In com (maize) the flowers at the 
top of the stalk (tassel) are male and produce exclusively pollen, 
whereas the flowers lateral to the stalk (ear) are female and produce 
only ovules The plant as a whole is a hermaphrodite However, 



Figure 114 Change of sex m the mollusk Crepjdub depending on tiie position 
of the individual in the colony At the bottom ore females ( 9 ), in the middle 
hennaphrodites ( and at the top males ( d ) The lower port of the figure 
shoVvs the anatomy of tlie successixe stages of the transformation of sex, p, penis 
o, oviduct ( After Orton and Coe from CauUery ) 

Jones and others found mutant genes which make com bisexual A 
recessive mutant called tassel-seed causes development of female 
flowers in the tassel, and makes the plant a female Another recessive 
mutant silkless, suppresses the development of the silks in the female 
flowers, making the plant function only as a pollen parent, that is, a 
male Some relatives of com (Tnpsacum, see Chapter 9) normally 
have female as well as male flowers m the tassel 

A mollusk known as the boat shell or slipper hmpet (Crepidula) 
lives in small colonies consisting of several individuals firmly attached 
to each other chain fashion (Figure 11 4) The colony is started when 
a larva of the boat shell settles and becomes attached to a stone or 
some other support A second larva settles and becomes attached to 
the first, and then another, until a small pile is formed The bottom 
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The ferbhzation >ielcls, therefore, the eight hinds of offspring, which 
are shown m Table 11 1 


TABLE 11 1 


Sexual Types in the Progent of Triploid Drosophil-v 


X-Chromosomes 

Sets of 
Autosomes 

\ Cliromosome 

Ratio 

Sex 

(X) 

(A) 

(IT 

X A 

Superfemale 

3 

2 


1 50 

Triploid female 

3 

3 


1 00 

Diploid female 

o 

2 


1 00 

Diploid (XX\) female 

2 

o 

1 

1 00 

Intersex 

2 

3 


0 67 

Intersex 

9 

3 

1 

0 67 

Male 

1 

2 

1 

0 50 

Supermale 

1 

3 

1 

0 33 

Before the discoverv 

of tnploid females and their progen), 

it was 


possible to entertain the h>pothesis that the X-chromosome contains 
genes which impel the de\eIopmcnl towards femileness, and that the 
\ chromosome is the seat of genes which tend to maleness Thus 
\\ = female, and X\ = male But this hypothesis is contradicted by 
the fact that individuals which have a 1-chromosome m addition to 
two \ chromosomes are normal females, provided that thej have two 
sets of autosomes (Figure 314) Bridges concluded that, in Dro 
sophila the maleness is carried not in the 1 -chromosome but in the 
autosomes, and the femaleness in the X-chromosomes Sex is deter- 
mined b> a balance of the tendencies towards femaleness and male- 
ness This balance’ is decided b> the ratio of the number of X- 
chromosomes and of sets of autosofnes which an individual carries 
This ratio for the vanous sexual t>’pes is shown in the rightmost col- 
umn of Table 11 1 

The ratio is unit) both in diploid and in triploid females, although 
the former have two and the latter three X chromosomes The ratio 
of 05 maVes a male An intermediate ratio of 0 67 gives an intersex, 
that IS, an individual which is neither a male nor a female but inter- 
mediate between the two sexes (Figures 11 5 and 11 6) Intersexes 
are sterile (in contrast to hermaphrodites which have both female and 
male organs and are fertile ) Finallj the ratios of 1 5 and 0 33 gi\ e 
superfemales and supermales These are weak and sterile individuals 
resembling females and males respective!) The “super” parts of 
their names indicate that lhe> have sex determining ratios more 
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X chromosomes (that is, a total of S cliromosomes) Tlic male flies 
have one of the X*diromosomes rcpbcciJ by a 1 -cJiromosome (Figure 
115) Around 1920, Bridges discoitrcd some females winch were 
triploid, that is, had three sets of chromosomes, including three X's 
(a total of 12 chromosomes) Triploid females arc normiJ in appear- 
ance and behavior, and they produce progeny when mated to normal 
diploid males This progeny consists of ordinary diploid females, 

^4 JiA 

l\ /|\ /l\ 

Fimale Fenuto Superfem^Ia 

(<l'p)old) (tnp^ 


^ 

Interswes Mate SopemMle 

Figure 11 5 Chromosome ctimplemenls of the di/fercnt sexual types In Drosoph 
llo mclonogoster The Jt chromosomes nre rod like ond the Y-chromosomes hool^ 
shaped 

diploid males, triploid females, and three new sexual types Jmown as 
mtersexes, superfemnles, and supermales 
The origin of these sexual types becomes cleat if the meiosis in then 
tnploid mother is considered Lei us distinguish between tlie X- and 
Y-chromosomes on one hand and the autosomes on the other— the 
latter being chromosomes which are ahl^e m females and in males A 
triploid female carries, then, three X chromosomes and three sets of 
autosomes It produces four lands of eggs (1) carrying one X- 
chromosome and one set of autosomes, (2) carrying one X and two 
sets of autosomes, (3) carrying two X chromosomes and two sets of 
autosomes, and (4) carrying two Xs and one set of autosomes (there 
are also some inviable eggs produced which need not be considered 
here) A normal male produces of course, two hinds of spermatozoa, 
uith an X- or a Y-chromosome and with a single set of autosomes 
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extreme than the normal sexes The Y-chromosome carries, m Dro 
sophila, no sex genes Its presence or absence fails to modify the 
sexual characters as set by the other chromosomes 
Polyploids in Melandrium The fact tint in Drosophila the female- 
ness IS carried in the X-chromosome and the maleness m the autosomes 
does not mean that this vs so m all bisexual organisms The same 
biological problem, sex determination, has been solved in different 
ways in different organisms As an example of such diversity of ways 
we may consider the studies— carried out by Warmhe and Blakeslee 
in the United States and by Westergaard in Denmark— of sox de- 
termination in the plant Mchmdrtum album 
In this plant some individuals produce only female flowers and 
others only male flowers Plants of both sexes have 22 autosomes (11 
pairs), females have in addition a pair of X chromosomes, and males 
one X- and one Y chromosome The investigators obtained also tnploid 
(33 autosomes) and tetraploid (44 autosomes) plants, with one to four 
X chromosomes and with none, one, or two Y chromosomes In con 
trast to Drosophila, Melandrium proved to be female regardless of the 
ratio between the numbers of X-chromosomes and sets of autosomes, 
provided only that the Y-ebtomosome is absent 

Individuals with two X chromosomes and three sets of autosomes 
are pure females in Melandrium and intersexes in Drosophila Again 
contrasting with Drosophila, plants which carry one or more Y-chromo 
somes are either males or hermaphrodites (which have flowers with 
both pollen and ovules) Diploid, tnploid, and tetraploid plants ire 
male when they carry one X and at least one \ When two or three 
X chromosomes are present, one 1 chromosome gives male plants with 
an occasional hermaphroditic flower, but two Y chromosomes cause 
the plant to be a pure male A tetraploid plant with four Xs and one 
'll is a hermaphrodite 

It IS clear from this evidence that m Melandrium the Y chromo- 
some carries a gene, or genes, for maleness The X chromosome is 
the carrier of femaleness, the autosomes seem to be sexually neutral 
It should also be noted that m Drosophila sexual unbalance gives 
sterile intersexes In Melandnum the sex intergrades are plants with 
more or less perfect hermaphroditic flowers which are at least par 
tiallv fertile 

Diplotd Intersexes The method of determination of sex which has 
proved most successful in evolution is by means of sex chromosomes 
In Drosophila the sex of an individual is decided by the number of 
X chromosomes in relation to the number of autosomes m Melandrium 
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{Ltjmantrta dispar) described b> Goldschmidt in numerous publi- 
cations from 1911 to 1938 In this insect, the females and males differ 
strongly in coloration (Figure 117) and in behavior The female is 
sluggish, the male is an agile flier The species occurs in most of 
Europe and in northern Asia— from the Atlantic Ocean to Japan It 
was also introduced, and became a pest, m the United States When 
ever female and male gypsy moths from the same locality in this 
enormous territory are crossed, the sex determining mechanism func- 
tions perfectly— the offspring consists of normal females and males 
But crosses between moths from Japan and those from Europe produce 
some normal females or males and also some intersexes 
The details of this case are complex, but the mam features of the 
story are clear enough All races of the gypsy moth are diploid, and 
in all of them the male has two X-chromosomes and the female one 
X- and one Y chromosome The X carries the gene (or genes) for 
maleness, whereas the femalcness is carried, according to Goldschmidt, 
not in the chromosomes at all but m the cytoplasm The situation, 
then, IS quite different from that observed in Drosophila or in Melan- 
dnum Within tlie population of any one geographic region, the 
genetic determiners of femaleness and of maleness have become mu 
tually adjusted by countless generations of natural selection The 
result IS that two doses of maleness brought m by two X*chromosomes 
overpower the femaleness of the cytoplasm, and produce a normal 
male 1;et one dose of maleness yields to the femaleness, and an W 
individual is always a normal female 
The strength of the sex determiners in tlie race living in Japan is 
greater than that of the sex determiners in European races An X- 
chromosome of the Japanese race meets, in the hybrids between the 
races the cvtoplasm and the \-chromosome of European origin The 
maleness of the zygote is, then, too strong to submit to the female 
tendenev and the result is an \Y individual which is not a female 
but an mtersex On the other hand, a race hybrid may also have two 
\ chromosomes \\ ith \\ eak European inaleness opposed by a ‘strong 
Japanese femaleness in the cytoplasm The result is an \X individual, 
which IS not a male but an mtersex 

Diploid intersexes teach us two important lessons First, sex is not 
a rigidly fixed quality but a variable quantity There may be more 
or less femaleness and maleness in an organism Second, the strength 
of the sex determiners is a matter which is so adjusted by natural 
selection that in all environments to which a species is normally ex- 
posed the sex mechanism functions smoothly Either females or males 
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it IS the presence of a Y chromosome and the riamber of X chromo 
somes that mahc the plants females or males But «e know that 
chromosomes contain genes If so, could a gene mutation alter sexual 
characteristics^ It has, Indeed, been observed An Individual which 
IS chromosomally hie a normal female or a male may ne\ crtheless be 
mtersexual 




Figure 11 7 Fcmate (A), male (F) and mtersetes (B to £) tn the gypsv modi 
Lymantrta dispar tAfler Goldschmidt redraivn } 


Spassh) found a dominant mutant gene m Drosopfiifa pseudoohscura 
which turns females into mtersexes The presence of the same gene 
m a chromosomal male (that is, m an individual which carries one 
X' and one V chromosome) has no effects on sex The mtersexes have 
their sexual organs reduplicated, one set being more or less female- 
hke and the other male hie These mtersexes are evidently chromo 
somal females ( that is, they have two X chromosomes and two sets of 
autosomes) 

The classical example of diploid intersexuality is the gvpsy moth 
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Set and Caste in Htjmenopteran Insects 

intersexes can also be produced by selection If we select tbe triploid 
females which jield, in a given environment, most female-hke, or most 
male like, intersexes, strains are soon established which differ in their 
sexual tendencies 

Factor of Safety The expenments concerning the influence of the 
environment on intersexes are made by exposing the progenies of 
tnploid mothers to different temperatures or other influences Now 
their progenies contain not onl> intersexes but also diploid females 
and males, tnploid females, superfemales, and supermales An aston- 
ishing fact, at first sight, is that the temperature variations which alter 
greatly the sexual phenotype of the intersexes have apparentl) no 
effects on the females and males The sexual development of females 
and males is homeostatic (see page 13), tliat is, it is so buffered against 
environmental disturbances that a female chromosomal constitution 
always yields a normal female phenotype, and male chromosomes 
yield a normal male The developmental pattern of the intersexes 
on the contrary, is set so precariously that it is easily swayed towards 
cither femalenoss or mvleness by both environmental and by genetic 
changes 

The reason for the more perfect homeostatic adjustments in females 
and males than in intersexes is not far to seek The whole existence 
of the species depends upon the reproductive performance of the 
females and males of which it is composed Natural selection accord- 
ingly, has built m a “factor of safety’ m the norms of reaction of 
females and males This “factor of safety operates in such a manner 
that m all environments to which the species is exposed the develop 
ment always culminates in either femaleness or in malencss The 
absence of the factor of safety m the intersexes is also understand 
able Intersexes arc rare or absent in nature, and their norm of 
reaction has not been perfected by natural selection It is poised 
between femaleness and maleness, and can be turned towards or away 
from either 

Sex and Caste in Hymenopteran Insects Once we understand that 
sex is a form of evolutionary adaptation, the many curious variations 
of the sex determining mechanisms found in various creatures become 
intelligible The same end may be attained by different means, and 
any method of sexual reproduction which safeguards the procreative 
capacities of the species may become perfected and established in 
e\ olution 

Bees, wasps ants, saw flies parasitic and gall wasps constitute the 
insect order Hyanenoptera, which is generally regarded as the most 
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nrc produced, and sex intcrgradcs which are useless to the species are 
ivoidcd 

Sex and Environment Many of the spurious solutions of the prob- 
lem of sex determination which were in vogue before the discovery 
of sex chromosomes assumed tint the sex of on individinl is decided 
by the environment in winch this individual develops Such notions 
still crop up from time to time, especiilly in the popular press 

Can tlic environment influence sex? Wc know tint most bisexual 
organisms produce cither two kinds of spermatozoa (mammals, most 
insects), or two kinds of eggs (birds, buttcrnics, and moths), and that 
the chromosomal sex of an individual is decided at fertilization It 
IS, then, conceivable tliat methods will be found (though none have 
been found so far in higher animals) which will favor fertilization of 
eggs, for example, by male determining spermatozoa and will dis 
criminate against female determining ones, or vice versa On the other 
hand, what is fi-xed m the zygote at fertilization is its genotype But 
the genotype sets only the norm of reaction of the organism to the 
environment, and does not necessarily decide any characters or struc- 
tures One may distinguish the sexual genotype from its actual mam 
festation, the sexual phenotype Sexual traits of an individual may, 
then, depend on the environment as well as on the genotype Modi 
fication of the sexual phenotyivc by the environment is, m principle, 
quite possible 

Triploid intersexes in Drosophila (see above) have two X*chromo 
somes and three sets of autosomes Yet, despite their chromosomal 
uniformity, these intersexes are quite variable in sexual characters 
(Figure 11 6) Some of them resemble normal males in behavior and 
m the structure of reproductive organs, others are female like Still 
others have mixtures of malformed organs of both sexes In short 
all transitions between female and male states can be found among 
the intersexes 

What causes these great variations in the sexual phenotype^ The 
environment has a great deal of influence in this matter When triploid 
females are crossed to normal diploid males the progeny consists of 
several sexual types, including intersexes (see Table 11 1) Cultures 
of triploid females were exposed to four different temperatures— 15°, 
20°, 24°, and 28°C In cultures which developed at the lowest tem- 
perature most of the intersexes developed male-Iike characters Con 
versely, at high temperatures the intersexes proved more female like 
Cold turns the development of Drosophila towards masculinity, and 
heat towards femininity Changes in llie sexual phenotype of the 
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Sex in Ophnjotrocha and tn Bonelha 

grow they lose their male organs and acquire female ones Older 
individuals are females The females may be turned back into males 
by several means One of these means is starvation, another is addi- 
tion of potassium ions to the water in which the worms live, still an 
other IS amputation of the posterior part of the body Ophryotrocha 



Figure 118 A female and a male BoneUut uruhs The fen) ilc is sho)vn slightly 
enlarged the male is magnified since its real dimensions are so small tint it can 
barely be seen svith the naked eye (After Baltzcr redrawn ) 


thus seems to be a hermaphrodite which functions first as a male and 
hter as a female Bacci (1953) finds, however, that some individuals 
are genetically more predisposed towards maleness, and others towards 
fcmaleness The genotype sets the response to the environment, some 
genotypes making the individual turn into a female or into a male more 
easily than others 

Perhaps the most spectacular example of a difference between 
females and males, and at the same time of sex determination by 
envaronmental influences, has been studied in the marine worm Bonel- 
ha vtndts by Baltzer (from 1912 on) The female of this worm has 
aroundedbodv with a proboscis about an inch m length (Figure 118) 
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progressive 'imong insects However, sex chromosomes of the usual 
kind are missing in this order Instead, eggs which remain unfertilized 
develop parthcnogenetically into males Eggs of the same mother 
which are fertilized by spermitozoi develop into females Thus 
females have twice as many chromosomes as males, the former are 
diploid and the latter haploid Virgin females deposit eggs which 
yield only sons, females impregnated by miles deposit some eggs 
which yield daughters ind others which give sons It appears that a 
female can control the access of spermatozoa to some of her eggs and 
cm withhold them from others 

Where sc\ is determined by sex chromosomes (tlie XX-XY mech 
anism) the number of fcmilc and male zygotes that are formed is, 
with some rare and little understood exceptions, not far from equahty 
The diploid haploid sex mechanism of the Hymenoptera permits the 
progeny to contiin iny proportions of sons and daughters Females 
often greatly outnumber the males, especially among social insects, 
such IS mts 

An int colony contains several categories of individuals An ant 
nest usually has numerous “workers, and m some species also “sol 
diers,’ which are diploid individuals, and hence genetically females 
Their reproductive organs, however, remain underdeveloped A rela 
lively small number of sexually developed females and males sufBce 
to take care of the perpetuation of the species The males have 
haploid chromosome complements, whereas the sexually developed 
females (“queens ) and the workers are chromosomally identical, hav- 
ing diploid chromosome complements Whether a diploid zygote 
develops into a queen or into a worker depends, at least in the domes 
tic honey bee and in some ant species entirely upon the kind of food 
which the workers give to the growing larvae in the honeycomb or 
in the ant nest The diploid chromosome complement thus sets a 
norm of reaction which permits the development of either a worker 
or a queen What develops from a given egg is decided by the en 
vironment Howev er, the Brazilian geneticist Kerr has found that in 
stmgless bees of the genus Melipona the difference between queens 
and workers is brought about by their genotypes Different repro 
ductive mechanisms have arisen in evolution even m such closely 
related forms as different genera of bees 

Sex m Ophryotrocha and in Bonellia We have seen above that in 
the boat shells the sex of an individual vanes with its age and its 
position in the colony Hartmann and his students (1936, 1938) found 
a somewhat similar situation in the marine worm Ophryotrocha puer- 
ihs All young individuals of this worm are males, but as the worms 
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Gynandromorphs Where seK is determined bj chromosomes, it is 
decided at the moment of fertilization In Drosophila, as in man, a 
diploid zygote with two X chromosomes is a female, and an XY zygote 
IS a male But carlv embryos look alike, and, in man, the females 
begin to be distinguishable from males only towards the third month 
of pregnancy The female and male 
chromosomes determine developmental 
patterns, which in most emironments 
result in “normal girls or ‘normal’ 
boys, and then in "normal women or 
“normal men The ways in which the 
chromosomes determine these develop* 
mental patterns vary, howeier, in dif- 
ferent organisms 

In man, in Drosophila, and in many 
other forms, every cell of a female body 
has a female chromosome complement, 
and everv cell of a male has male 
chromosomes However, in Drosophila 
as in most insects, the sexual character- 
istics of a body part depend entirely on 
the sex chromosomes m the cells which 
compose it, and are independent of the 
sex of other cells or parts of the same 
body It IS otherwise in man and in 
most other vertebrates In these higher 
animals hormonal mechanisms have de- 
veloped m the course of evolution, the 
sexual characters of a body part are 
influenced to a greater or lesser degree 
bv the condition of other parts and of the body as a whole 

In many insects occasional individuals occur in nature as well as in 
laboratory cultures which have one side of the body of one sex, for 
example female and the other side of the opposite sex Such sexual 
mosaics arc called f’tjnandromorpits (Figures 119 and 1110) Gy- 
nandromorphs should not be confused with intersexes, which are sex 
intergrades more or less intermediate between females and males (see 
above), or with hermaphrodites, which have more or less complete 
reproductive organs of both sexes Sexual intermediates winch occur 
in man arc mostly interseves (see below) and not hermaphrodites 
The origin of gynandromorphs in Drosophila has been clarified in 



Figure 11 10 A g> nanclromorph 
Drowpliita mehnogastcr obtained 
in a cro!»s m winch the sex linked 
genes for eosm t>c color and 
miniature wings were inxoUed 
The left side is female and the 
nght showing the mutant genes 
IS male (After Morgan and 
Bridges redrawaa ) 
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The male is lnrel> visible to (he ml^etl eye, several such males live, 
pansilc-likc, ill the genital duds of each adult female The male lacls 
digestive organs, and is accordingly quite incapable of independent 



Figure 11 9 A gynandrotnorphlc specimen of the butterfly, Colieu phUochce the 
right side being female and the left male (From Cli L Remington courtesy of 
the Academic Press ) 


existence Females and males develop from eggs and larvae which 
look identical The sex of the developing larva is determined by 
whether it lives free, swimming and feeding in sea water, or settles on 
the surface of the proboscis of a female specimen The free living 
larvae develop into females, those in contact with the female proboscis 
into males 

The proboscis must contain a chemical substance which exerts a 
masculinizing influence on the larvae When larvae are placed in 
sea water containing an extract of the proboscis, they become inter- 
sexual or male like It may be that some larvae are more susceptible 
than others to the masculinizing action of the female proboscis But 
even if this were proven, it would remain true that sex determination 
in Bonellia is effectively environmental 
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important as coordinators of physiological functions, and particularly 
in the manifestations of se’c Furthermore, the effects of man% endo 
crine glands in mammals and m man are so closely interlocked that 
the system of endocnnes functions as an interdependent whole Thus 
a deficiency or an excess of the hormones of the pituitarx gland affects 
the functions of the thyroid gland, of the adrenal cortex, of production 
of insulin, of male and female reproductive glands, of parathyTOids, 
of the rate of growth of the body, etc 
It has been knowm since antiquitv that castration of bo\ s results in 
lack of development of manv secondarv sexual characters, for ex- 
ample, of masculine voice, of facial ham, masculine bodv shape, and 
male sexual drive Similar changes have long been known in castrated 
males of other animals, such as capons, geldings and oven (castrated 
roosters, stallions, and bulls respectivelv ) These changes are caused 
primanlv by the absence of testosterone, a hormone produced b\ the 
interstitial cells of the testicles (not bv the cells which give rise to 
spermatozoa* ) Testosterone belongs to the class of compounds knowTi 
as sterols, and is related to cholesterol, which is present m manv ani- 
mal tissues 

In the adult human female an egg is shed, usually from either the 
right or the left ovary, once m about 4 weeks During the repro- 
ductive age, from the first menstruation to menopause, a total of some 
400 eggs is produced Each egg cell grows in a so called Graafian 
follicle, which is a liquid filled vesicle under the surface of the ovary 
The Graafian follicles are apparentiv the source also of the hormone 
estrogen Estrogen stimulates the development of the lining and 
glands of the inner surface of the uterus After the egg is shed, the 
Graafian follicle develops into a glandular stnicture of a different kind, 
the corpus lutcum This structure secretes a hormone progesterone, 
which causes further changes in the lining of the uterus, and assists in 
the implantation of the fertilized egg if pregnancv is achiev ed 

The estrogen hormone w as isolated bv Doisv in 1929 and sv nthesized 
b\ Butenandt m 1930 Progesterone was isolated and s\ nthesized by 
Butenandt in 1934 The chemical structures of both hormones are 
related to cholesterol and to the masculme hormone, testosterone 
(Figure 11 11) How e\ er, their effects are of course, quite different 
The estrogens play an important role m the development of female 
secondary sexual characters, such as femmine body shape, voice, and 
feminine sexual dnve 

Pezard (1918), Zavadovsky (1922) and manv investigators since 
then have experimented with castration and with transplantation of 
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the classical work of Bridges and Morgan (1919) Gynandromorphs 
begin their existence as fematc jygoKcs, Iming, of course, two \- 
chromosomes Normally both Vs ar6 reduplicated at cell divisions, 
and are inherited bj all cells of the developing embrjo But about 
once in some tens of thousands of eggs (and more often under the 
influence of X-ray treatments) one of the X chromosomes may be aeci 
dentally lost, and a cell is formed which contains a single X chromo 
some (and two normal sets of autosomes) A single X chromosome 
results in a male chromosome complement All the cells which arise 
by division from the cell that has a single X chromosome are, then 
male cells A part of the body of a gynandromorph, therefore, is male, 
and the remainder is female The relatue sizes of the female and male 
parts depend, of course, on whether the X chromosome is eliminated 
early or late during the development of the egg 
The important fact is that, m Drosophila, the dividing line between 
the female and male fractions of the body of the gynandromorph is 
usually sharp Even when Uic male fraction is small and is completely 
surrounded by female tissues, or vice versa, the sexual characteristics 
are of one sex or the other The sex of a tissue is independent of 
contacts with cells of the same or of the opposite sex 
Sex Hormones in Vertebrates About a century ago the great physi 
ologist Claude Bernard (1813-1878) pointed out that in some glands 
the secretions leave tlie gland by way of a duct, whereas other glands 
secrete their products m the blood stream The latter are called 
glands of internal secretion or endoertnes Their secretions are hor- 
mones, chemical messengers which are canned to various parts of the 
body, where they influence the activities of cells and tissues 
Adrenalin, a hormone of the adrenal gland, was discovered by Abel 
m 1898, and secretin, prepared by certain intestinal glands was found 
b> Bayliss and Starling in 1902 Since then, numerous hormones have 
been discovered and studied in more or less detail, more than twenty 
compounds are produced by the cortex of the adrenal gland alone 
Many hormones have been isolated, analyzed, and synthesized arti- 
ficiallv Thus adrenalin (or epinephrin) was isolated m 1901 and syn 
thesized in 1904, thyroxin isolated m 1916 and synthesized in 1927, 
testosterone crystallized and ^mthesized in 1935, etc Hormones may 
operate in incredibly low concentrations, epmephrin for instance, is 
active in a dilution of 1 300,000,000 

Hormones exist not only in the higher but also in the lower animals 
and in plants But it is in the vertebrates that they have become most 
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important as coordinators of phvsiological functions, and particularly 
in the manifestations of sex Furthermore, the effects of many endo 
crine glands in mammals and m man are so closely interlocked that 
the system of endocrines functions as an interdependent \\hole Thus 
a deficiency or an excess of the hormones of the pituitary gland affects 
the functions of the thyroid gland, of the adrenal cortex, of production 
of insulin, of male and female reproductive glands, of parathyroids, 
of the rate of growth of the body, etc 

It has been known since antiquity that castration of boys results in 
lack of development of many secondary sexual characters for ex- 
ample, of masculine voice, of facial hair, masculine body shape, and 
male sexual drive Similar clianges have long been known in castrated 
males of other animals, such as capons, geldings, and oxen (castrated 
roosters, stallions, and bulls respectively) Tliese changes are caused 
primarily by the absence of testosterone, a hormone produced by the 
interstitial cells of the testicles (not by the cells which give rise to 
spermatozoa* ) Testosterone belongs to the class of compounds known 
as sterols, and is related to cholesterol, winch is present in many ani- 
mal tissues 

In the adult human female an egg is shed, usually from either the 
right or the left ovary, once in about 4 weeks During the repro- 
ductive age, from the first menstruation to menopause a total of some 
400 eggs IS produced Each egg cell grows m a so called Graafian 
follicle, which is a liquid filled vesicle under the surface of the ovary 
The Graafian follicles are apparently the source also of the hormone 
estrogen Estrogen stimulates the development of the lining and 
glands of the inner surface of the uterus After the egg is shed the 
Graafian follicle develops into a glandular structure of a different kind 
the corpus luteum This structure secretes a hormone progesterone, 
which causes further changes in the lining of the uterus, and assists in 
the implantation of the fertilized egg if pregnancy is achieved 

The estrogen hormone was isolated by Doisy in 1929 and synthesized 
h> Butenandt in 1930 Progesterone was isolated and synthesized by 
Butenandt in 1934 The chemical structures of both hormones are 
related to cholesterol and to the masculine hormone, testosterone 
(Figure 11 11) However their effects are, of course, quite different 
The estrogens play an important role m the development of female 
secondary sexual characters, such as feminine body shape, voice, and 
feminine sexual drive 

Pe/^^d (1918), Zavadovskv (1922), and many investigators since 
then liave experimented with castration and with transplantation of 
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gom<3s (testes or ovaries) m birds, particularlj m poultry Castrated 
roosters (capons) retain most of their "nnsciihnc’* phimigc, but the 
combs and walllcs shrink and lose their turgiditj, the animal ceases to 
cross nnd loses its pugnaeitj and its sexual drive Castrated bens 
acquire, after a moll, a capon like plumage, and come to resemble m 
appearance llic castrated males TIic plumage of a capon and under- 
development of combs and walllcs arc thus sexualts neutral characters, 
male plumage is suppressed bj the hormones secreted bs the manes, 
sshcrcas testicular hormones stimulate the development of combs, 
wattles, and spurs Implantation into castrated males and fcmaics 



Figure II 11 Chemical structure of three set hormonw 

of gonads from other individuals produces the characteristic feimnir 
mg or masculinizing effects, and these regardless of sshat the chromo 
somal sex of the individual may be An implanted ovarj causes the 
desclopment of female plumage, implanted testes give cocks comb 
and wattles together vvjtli belnvjor characteristic of the sex of the 
implanted gonad However, the larger bodj size of roosters com 
pared to the hens seems to he independent of the hormones 

Hormonal Intersc^uahty Castratioa, transphntaUon of gonads, 
and injection of sex hormones obviously do not change the chromo 
somal sex of the individual It is fallacious to speak of the effects on 
sex of genes and of hormones os though they were alternatives, which 
they are ceifaml> not The hormone system is a part of the develop- 
mental mechanism wherebj the genotype becomes realized in a cer- 
tain sexual phenotype The functioning of the hormone producing 
glands IS itself determined by tiie genes it is a part of the phenotype 
Castration and hormone injeebons are environmental agencies 

Hormonal disturbances result, m man and m other animals, from 
many pathological conditions, caused m turn either by defective 
heredity or b> environmental mishaps Cases of sexual intermediacy 
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were knoNvn even in antiquiU, and some of them were immortalized 
m ancient art Instances of individuals who “changed their se\’ are 
reported from time to time m medical literature and in the daily press 
More or less masculine women and woman-hke men are not un- 
common 

Some of the alleged ‘changes” of $t\ are simply cases where the 
sex was incorrectlv determined at birth ow mg to malformation in the 
external sex organs Others are instances of hormonal tntcrsrxuaUUj 
Hormonal intersexuahtv max be due either to dev elopmental accidents 
or to genetic causes At least one group of human pedign es from 
Sweden, recently described h\ Peltersen and Bonnier, suggests a domi- 
nant mutant gene which has no effects in females (individuals with 
two \ chromosomes) but which transforms the males (XY individuals) 
into intersexes The situation is comparable to diploid mtersexualitv 
in Drosophila (see page 266, in Drosoplula it is, however, the genetic 
females which become mtersexual) 

LiUie, Tandler, and Keller (1916) have furnished i very clear 
analvsis of one kind of developmental accident It had been known 
for a long time that when a cow gave birth to a pair of twins of unlike 
sex, the female calf, called a freemartin, w as often sexually abnormal 
and sterile Freemartins have underdeveloped external genitals of 
female type, but the internal reproductive organs are mtersexual, 
verging towards maleness Lilhe and his colleagues found that tins 
condition occurs when the fetuses share a common placenta and 
common blood circulation svbich ate often established between tlie 
twin embryos during pregnancy (Figure 1112) Freemartin is the 
female member of a pair of fraternal twins (which arise from two sep- 
arate eggs fertilized by' different spermatozoa) The chromosomal 
constitution of the freemartin is certainly XX, but the sexual develop- 
ment is interfered with by the hormones received through blood from 
the male co twin A connection between the blood circulations of the 
two embrvos may be established quite early during the pregnancy, 
and the mak hormones mav upset the dev elopmenl of the female tw in 
m its most sensitiv e stages 

Sewiil Selection In 1871 Darwm published his tlieory of sexual 
selection, to account for the origin in exoUition of conspicuous sec- 
ondary sexud characters, such as die antlers of male detr, the bright 
plumages and elaborate displays and songs of many birds, the hon s 
mane and facial hair growth m the human male Since these charac- 
ters according to Darwm, are not sufficiently useful to the species to 
be formed bv natural selection, be believed that their usefulness lav 
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gonads (testes or ovancs) m birds, particular!) in poultry Castrated 
roosters (capons) retain most of tljcir "masciilmc’' plumage, but the 
combs nnd wattles shrink and lose their turgidilj, the animal ccasM to 
crow and loses its pugnacit) nnd its sexual drive Castrated bens 
acquire, after a molt, n capon like plumage, and come to resemble in 
appearance the castrated males TIic plumage of a capon and under 
development of combs and wattles arc thus sexuall) neutral characters 
male plumage is supprcssctl b) the hormones secreted bv the ovaries, 
whereas testicular hormones stimulate the development of combs, 
wattles, and spurs Implantation into castrated males .and females 



Figure 11 11 Clitmicat structure of tliree set hormones 

of gonads from other mdivicluals produces tlie characteristic femimZ" 
mg or misculinizmg cfFecfs and these regardless of what tlie chromo 
somai sex of the individual may I>e An implanted ovar)’ causes the 
development of female plumage implanted testes give cocks comb 
and wattles together with behavior characteristic of the sex of the 
implanted gonad However the larger body size of roosters com* 
pared to the hens seems to be independent of the hormones 

Hormonal intersexunhty Castration, transplantation of gonads, 
and injection of se\ hormones obviously do not change the chromo 
somai sex of the individual It is fallacious to speak of the effects on 
sex of genes and of hormones as though tiiey were alternatives which 
they are certainly not The hormone s>sfem is a part of the develop 
mental mechanism wliereby the genotype becomes realized in a cer- 
tain sexual phenotype The functionuig of the hormouo producing 
glands IS itself determined b> IImj gents, it is a part of the phenotype 
Castration and hormone injections are environmental agencies 
Hormonal disturbances result in man and in other animals from 
many pathological conditions, caused in turn either by defective 
heredity or by enviromnental mishaps Cases of sexual intermediacy 
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mechanisms between animal species Rehti d species may look differ- 
ent, have different voices, and act differently in part because these 
differences are recognition marks that enable individuals to identify 
each other as members of the same species These recognition marks 
may reach almost incredible degrees of complevity 
In many species of moths males locate females by scent Experi- 
ments of Fabre (182'i-1915), one of the keenest students of insect 
behavior, showed that males may be attracted from considerable dis 
tances, and may overcome various obstacles to reach a female con- 
fined in a cage The scent, quite imperceptible to the human nose, is 
strictly specific, so that males of wrong species are seldom or never 
attracted In other animals, including some insects, vision is more 
important than smell m finding a mate This is probably true in many 
birds In still others, sound stimuli are important The songs of a 
bird, a cricket or a locust, the croaking of a toad, and the buzzing of 
at least some mosquitoes are among the methods vvherebv the sexes 
advertise their presence and find each other How different mav be 
the requirements of even very closely related species is shown bv the 
flies DrosophJa pseudoobscura and DrosophtJa suhobscura The lat 
ter species copulates only m the presence of light, the former copulates 
in the light or in the dark apparently indiscriminately 
Sexual Behavior In many animals the behavior patterns connected 
With reproduction became complex rituals of courtship and mating 
In a species of the fly family Empidae a courting male alights near a 
female and vibrates his wings The vibration probably gives an 
auditory stimulus, and eventually the female responds by a similar 
vibration The male now lifts up his front legs and waves them 
about, mo\ mg closer and closer to the female until they caress each 
other with their uplifted front legs, a tactile or a chemical stimulation 
seems to be involved in this caressing In a different species of the 
same family, the male catches another insect as a prey { these flies are 
predators), he then swaddles the prey in silk threads, seeks out a 
female and presents the prey to her She accepts the gift, and 
mating takes place while she is busily unwrapping the. food The 

presentation of the “gift is in some species, but not in others, accom- 
panied by a special “dancing ceremony , the dancing may be done by 
the male alone, or both sexes mav take part 

Among birds the greatest complexity of sexual behavior is reached 
probably in Australian bovver birds Here the male builds a kind of 
sheltej consisting of boughs and twigs Then ht proceeds to dec- 
orate” the shelter with colored matenals, such as flower petals feath- 
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rat?ier in the competition between mafes for the possession of females, 
or in rmUng a male or a fcmile, parlicukrj> attractive to potcatial 
mates 

77ie fhcoiy of se\uif selection docs not seem compejhng to most 
biologists in its original form In man> animals the males do not 
engage in actinl combat or n\alr)’ for females, and, where they do, the 
victors do not father greater progenies as the theoiy demands A 2? 



female twm becomes n hormonal inlcrscT or frctmorttn (From Newman, cour 
tesy of llic Unnersitr of Chicago Press ) 

Wall let-, the co -luthor with Darw m of the theory of natural selection, 
rejected the theory of se\uil sciecfion However, WtUaccs coiinttr 
propobal that sexual characters anse because of a "superabund-inf 
of their possessors, ts scnrcelj more satisfactory The siUia 
tion IS really complex and should be considered from a different angle 
The very evisfence of a bisexual speaes depends upon the sexual 
drive which maVes individuals of the opposite sexes come together and 
perform die acts needed to bring about fertilization and pioduction 
of offspring Elaborate ph>siologica! and ps> choJogica! mechanisms 
which arose in the process of evolution by nitural selection bolster 
the sexual drive and direct it into channels useful to the speaes The 
fact that these mechanisms differ in different species, often m very 
closely related ones is intelligible As pointed out in Chapter 8, 
sexual isoUtion is one of the most important reproductive isolating 
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precise causation is little known Increasing complevities of human 
societies may at times lead to misdirection of the sexual urge On the 
other hand, there is some exidence that certain forms of homosexu* 
alltv may have a genetic basis Kallmann and his collaborators (1953) 
found that, among 44 pairs of male identical twins one member of 
which had shown overt homosexual behavior as an adult, the co twin 
m every case also evinced behavior of this kind And yet, among 
51 pairs of fritemal (two egg) twins where one of the twins was 
known to be a homosexual, the co twin showed evidence of similar 
condition in only 13 cases It appears, then, that some human geno 
types react by evolvang homosexual behavior in it least some social 
and cultural env ironments 

Sex Reversal A crucial proof that the genoty’pe merely sets the 
stage for the dev elopment of a certain sex m a certain range of env iron 
ments is afforded by sex reversals Males of some species of toads 
have, next to the testis, a so called organ of Bidder (Figurr 1113), 
which under the microscope reveals a structure resembling an ovary 
The function of the organ of Bidder in normal males is unknown 
But Harms, Punse, Witschi, and others have shown that when a male 
toad IS castrated (that is, when the testes are removed bv a surgical 
operation), the organ of Bidder increases m size and becomes a 
diminutive ov irv m which a certain number of fertilizable eggs are 
produced The castrated male now functions as a female, and may 
produce progenv when mated to a normal male 
A castrated male must conserve, despite its sex reversal, its normal 
chromosomal composition This can be proven bv observing the sex 
distribution in the offspring of tlie cross, castrated male X normal 
male Miss Ponse found this offspring to consist entirely of males, 
and interpreted the result to mean that in toads the male sex has two 
X chromosomes (\X) and the female sex an X and a ^ chromosome 
All the sperms of a normal male, and all the eggs of a male transformed 
into a female vv ill then carrv an X-chromosome, and the expenmental 
progeny vv 11 be purely masculine The experiments of Harms, how- 
eier, gave an entirely different result about one quarter of the eggs 
died, half of the eggs developed into males, and one quarter into 
females He interprets this to mean that a male toad had an X- and 
a \ -chromosome, and consequently that two kmds of eggs and two 
kinds of sperms were produced by his experimental animals If so, 
half of the resulting zygotes will bi Xli (males), one-quarter XX 
(females), and one quarter Yi (these are inviable) The results of 
Ponse and Harms are not necessarily contradictorv, since different 
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ers, or fruils Most remark iblc of all, a race of bower birds displays 
a definite color preference, selecting objects within a certain color 
range for the decorations If materials of n wrong color are placed in 



Figure 11 13 Urogenital organs of a male toad Bufo tLoodhousei sho\ving the 
orgnn of Bidder (Bo ) Wd Wolfitan duct Md Mullerian duct or \esbgial 
oviduct sm vs , seminal vesicles t, testis fb fat body 1. ladney pvc blood 
\esse) (From Bhadun ) 

or near the bower by an experimenter, the bird removes them out of 
sight The male then locates a female, and entices her to the bower, 
where the mating tales place 

The very elaborateness and complexity of sexual behavior patterns 
malce them vulnerable to environmental as well as to genetic break- 
downs One of such breakdowns is homosexuahty, which occurs in a 
minonty of individuals in human as well as in animal populations Its 
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Figure II 14 CourtsSiip in a sptcics of scorpion (Buf?iuJ occffanws) and a pccics 
of spider (So2<ic«« -sctTnieK*) (After Vachon and Bristowe redrxwn ) 

species and even races oE toads iria> have difTerent chromosomal 


mechanisms 
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The Fossil Record Is Incomplete Evolution is a continuous proc- 
ess, composed, though, of small discontinuous mutation steps From 
the continuity of evolution it follows, of course, that forms interme- 
diate between the now-living organisms must have existed in the past 
Provided that man and the simplest vims are realW descended from 
common ancestors, then, if all organisms which lived in the past were 
fossilized and recov ered, we would see in unbroht n chain of organ- 
isms intermediate between man and the virus (This assumes, of 
course, that the entire living world is monophijletic, descended from 
a single common ancestor ) 

In reaht) , only an infinitesimal fraction of indiv iduals who lived in 
the past have become preserved as fossils The fossil record is incom- 
plete by the ver> nature of things The remains of a creature arc pre 
served in the sediments that form the stratified roeVs of the earth's 
crust only as a result of rare accidents Soft bodied organisms are 
preserved only quite exceptionally, although some of them did leave 
their shadow pictures as prints in the rocks For organisms which 
possess hard parts such as solid calcareous shells or skeletons or 
teeth, the chances of preservation are relatively much greater, though 
still very small m the absolute sense Moreover, fossihzation of the 
remains of a creature is not enough Many sedimentary rocks which 
doubtless contained fossils, were eroded away at various stages of the 
earth’s history, and the fossils vver< thus irretnevvbl> lost Very nat- 
urally, more ancient fossils were lost in this manner more often than 
relatively more recent ones Other old rocks were buried under enor- 
mous weights of newer sediments, and consequently subjected to very 
high pressures and high heat This heat has led to the rocks being 
metamorphosed and recrystalhztd, and again to the loss of the fossils 
which the rocks had contained Ancient rocks are metamorphosed, of 
course more frequently than recent ones The paleontologists have 
thus far discovered and studied only an infinitesimal fraction of the 
fossils that are preserved 

In view of all this it is not surprising tint the known fossil record 
IS nowhere near sufficient to reconstruct e\ en approximately the phvlo' 
genetic relationships of all organisms In fact, so obvious is the in- 
completeness of this record that Darwin expended mther more effort 
in lus Origin of Species to show that paleontologv does not contradict 
evolution than he did to show that it proves evolution Since Darwin 
the unrelenting efforts of paleontologists have filled many gaps in the 
fossil record, but many more remain to be filled In some particu 
larly favorable instances the fossils arc so ibimdant that the changes 
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Almost one and one Inlf ccntunes ago (1809) Lamarck compared 
the process of evolution to the movement of the hour hand of a clock 
A creature whose lifetime lasted one second would perceive no mo- 
tion at all in the hour hand Even thirty consecutive generations of 
such a creature might doubt whether the hand really moves With 
respect to observing evolution in geological time, man is in the posi 
tion of such a creature 

Since Lamarck, biologists did find vva>s to perceive some motion in 
the hour hand of the evolutionary clock They used for this purpose 
the speeded up processes of evolution by polyploidy, evolution under 
domestication (Chapter 9), and the experimental evolution, chieflj in 
imcioorgamsms (Chapter 5) But with respect to the evolution which 
has actually taken place in the history of the earth, an observer of 
only the now living animals and plants is sbll in a position of judging 
a long movie film by only the last picture frame Let us, though, give 
the credit which is due to this observer from the only picture at his 
disposal he has correctly inferred that there was a story back of this 
picture Moreover, he has successfully used the. experimental method 
to find out some of the mainsprings of action in the story He can 
even make intelligent guesses as to what kmds of events could and 
could not have occurred But to learn what events did actually occur 
and in what sequence, the last picture frame is not enough Fortu 
nately, some fossil remains of the Iivmg beings of the past epochs are 
preserved in tlie geological strata They furmsh us with some tom up 
fragments of the preceding picture frames of the story It is the busi 
ness of paleontologists to restore these fragments as much as possible 
and to arrange them m the proper sequence 
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TVBIB 121 

The Geolooical PEnions and the Geological Time Scale 


( Ifter Colbert ) 


Eras 

Periods 

Epochs 

Duration 
in Millions 
of ^ ears 

?»lilbons of 
■Vears Since 
Beginning 




0 025 

0 025 


Quaternarv 

IPleislooene 

1 1 

1 1 

Cenoaoic 


Pliocene 

10 

11 



Miocene 

, 15 

20 


Tertiary 

Oligocene 

1 

SC 



Eocene 

1 19 

55 



tPaleocene 

15 

70 

1 


Cretaceous 


CO 

130 

Mesosoic 1 

Jurassic 


35 
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1 nassic 


35 

200 


Permian 


SO 

230 


PennsiUanian 


20 ' 

250 


ilississippian 


30 

280 

I'aleozoic 

Deioman 


50 

330 


Silurian 


30 

300 


Ordoi ician 


70 

430 


Cambrian 


90 

520 

I’re Cambrian 


laOO(’) 

2000C’) 


tion because of the atomic bombs) inexorably and steadily decom 
poses into helium and an isotope of lead has furnished a more reli- 
ible method The relative amounts of uranium and of that lead iso 
tope in a given mineral are a function of the age of the mineral For 
recent fossils the occurrence m them of certain carbon isotopes, as well 
as the contents of fluonne, give better estimates of age Of course, 
the figures given m Table 121 may have to be revised m the future 
tbej may conceivably be half as large or twice as large as the real 
ones, but they cannot be one-tenth as large or ten times as large The 
b(st estimate for the duration of the time when tlie fossils are reason- 
ably abundant since the beginning of the Cambrian period, is, then, 
about half a billion years 
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from stratum to stratum appear \ery gradual, and the sequence of the 
changes is completely recorded One of the famous examples of such 
gradual changes is m the shells of the snail shown in Figure 12 1 Tlie 
snails arc quite different m appearance in the >oungcst and the oldest 
strata in which they are found, but the intermediate strata contain 
an unbrohen series of intermediates The chief interest of paleon 
tological data lies, however, not in tlicir dcmonstriation that evolution 
did occur but in their showing just how it occurred 



Figure 12 1 A rcmirlc-ibb gridiial and conUnnous «\oluUonar> change in the 
stiapc of the shell of the snail Faludina from successive geological strata of Plio- 
cene age (After Ncumayr, modified ) 


Geological Time Earths histor> did not always flow smoothly 
There were times of more intense mountain building and times of 
predominance of the mountain leveling erosion, times of more uni 
form and humid climate, and times of more and and diversified ch 
mate tunes when many creatures died out and new ones appeared 
and times of relative stabiht> Partly because of these variations and 
partly because strata of certain ages are poorly represented in geo 
logicalK most widely studied countnes, it is customary to divide the 
geological record in the eras, penods, and epochs shown in Table 12 1 
(The epochs are gn en only for the Cenozoic era ) 

The absolute chronology of these penods m terms of years is a more 
difficult matter, and until recently the estimates were quite unreliable 
The discovery that the element uranium (of the now sinister reputa 
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when Cambrian rochs were formed, but this enormous time span has 
left almost no fossil record (see Chapter 1, page 2) The pre-Cam- 
hnan rochs are mostly metamorphosed, and as such devoid of fossils 
The exceptional non metamorphosed rocks have yielded disappoint- 
ingly litth It is possible that the remains of the most ancient life are 
lost forever, at any rate the^ hive not been discovered 
Extinction and Replacement Not even a brief group bv group 
description of the fossil record of all forms of life can be given in this 
book We must limit ourselves to consideration of onlj. some exam- 
ples which illustrate certain general principles 
One of the most striking facts of paleontology is that the inhabitants 
of a given period are descended not from all the inhabit mts of pnor 
periods, but from onl> a part of them In other words, minv creatures 
leave no descendants at all, their race becomes extinct As a matter 
of fact, the most probable fate of anv group of animals or plants m 
the course of time is extinction If we examine the fossils of anv re 
mote geological age say Mesozoic or Paleozoic, we hnd that most of 
them represent organisms which have no direct descendants living at 
present The> have succumbed at some point m time On the other 
hand, some few of the denizens of the past have multiplied greatly, 
and their descendants, usually modified by evolutionary changes fill 
the earth today For one of the things which the fossil record shows 
be>ond reasonable doubt is that the diversity of life has become 
greater and greater in the course of time The dying out groups of 
organisms are replaced not only by the surviving ones, but also by 
quite new organisms, which exploit the environment in novel ways, 
and are added from time to time The known historv of the land- 
dvvdling vertebrate animals illuslrates well the phenomena of extinc 
tion and replacement 

The Age of Amphibians and the Age of Reptiles The most pnmi 
tive backboned animals that live on land belong to the class Amphibia, 
of which frogs, toads and salamanders are the best known living rep 
resentatives The most ancient known amphibians have left some 
fossils m the late Devonian deposits of Greenland The ancestors of 
these earl> amphibians apparently belonged to a group of fishes 
(crossopter>gians), some of which inhabited freshwater pools and 
streams of tins remote age It is a plausible guess that the develop- 
ment of the lungs for air breathing and the development of walking 
legs m the place of the fins occurred m response to a periodic drymg- 
up of these pools and streams Such periodic streams can still be 
obscrv ed in countries where ramy and dr> se isons alternate It is 
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Most Ancient Life Until the Devonian time, that is, from Cam 
brim ihrougli Silurian periods (Table 12 1), all the fossils knovvn are 
remains of water dwelhng organisms, and chiefly of sea life This is 
in agreement with the inference that life Ins originated in the sea, 
reached by evolutionists even before Darvvin The basis of this infer- 
ence was that most of the now' living primitive organisms are water 
dwellers and partiailarly sea dwellers Recent physiological studies 
have brought an unexpected corroboration of this view The salt con- 
ecntration in the blood and other body fluids of land animals is ap 
proximatelj like that in sea water and in marine animals It is as 
though land animals still lived in the sea as far as thtir internal en- 
vironment IS conct-rned It seems, then, quite natural that remains of 
land life appear in the fossil record some 150 to 200 million jears later 
than do remains of manne life 

Another fact which setins appropriate from the evolutionary point 
of view IS that the most highl> organized ph>lum of animals, the verte 
brates, are not represented at all in the Cambrian rocks The verte 
brates appear in tlie Ordovician penod (see Table 12 1), and the first 
remains of the vertebrates arc those of javvless fishes Tins is the most 
primitive class of the vertebrates now living (The best known mod 
em representative is the lamprey ) 

But beyond the above two features Cambrian remains do not strike 
us either as particularly primitive or lacking in diversity These re 
mams include representatives of most of the major groups of animals 
which live in modern seas This means tint at least some of the Cam 
bnan creatures were quite elaborate and advanced in body structure 
Such a situation may seem to be just about the reverse of what was 
expected at least by the nineteenth century phylogenetic school of 
evolutionists (see Chapter 10) T*he> liked to picture the hypothetical 
common ancestors of the now living organisms as lacking the special 
characteristics which these latter have, m other words as types or 
“ground plans of the modem creatures But evidently the seas and 
the continents of the past were not inhabited by mere schemes, these 
inhabitants were adapted to cope with their environments, just as 
modern life is adapted to modem environments 

Quite evidently, the Cambnan fossils represent organisms which 
were nowhere near the first to inhabit the earth The ongm of life 
from inanimate matter must have taken place very much earlier, and 
quite a lot of evolution must have intervened before the Cambrian sea 
dweller could have arisen There is no doubt but that the earth was 
more than four billion, and possibly more than five billion, years old 
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The first reptiles have been found in the PennsvUanian deposits 
and during the Permian period tht reptiles became numerous Tin v 
increased m divtrsity and in importance during the Mesozoic Age of 
Reptiles, reaching a climax in the Cretaceous period A great crisis 
came in late Cretaceous and early Tertiary' times, when most groups 
of reptiles died out and were replaced b> mammals and birds 
Adaptive Radiation The shektons of the earliest known reptiles 
(cotylosaurs) were so amphibian-bVe that, m the absence of informa- 
tion on what kind of eggs these animals laid, assigning them to either 
class IS rather arbitrary Such clear transitions between different 
classes and other large groups of animals and plants are so rare in the 
fossil record that their existence should be noted (some paleontolo- 
gists even doubted that such transitional forms ever lived, see Chap- 
ter 1-1) 

From the humble beginning m the cotvlosuirs, the reptiles bios 
somed out during the subsequent geological periods m a vanetv of 
creatures ranging in size from a mouse to giants with bodies up to 87 
feet long, some living on land and others in water or in tlie air ^Vhen 
a group of organisms becomes diversified m time into subgroups with 
different body structures and ways of life, it is said to undergo adoptive 
radiation The following verv brief account sliows how great was the 
adaptiv e radiation of the reptilian stock 
By far the most famous of the fossil reptiles were the dinosaurs, 
some of which (though by no means all) reached enormous sizes 
They belonged to two distinct orders, one of which developtd a struc- 
ture of the pelv is bones resembling that found in birds, although Uiese 
dinosaurs were not the ancestors of birds The similarity of the pelvns 
structure is, then, an instance of convergent evolution Some of tlie 
dinosaurs were flesh eaters, preying probably on other reptiles Tv- 
ranosaurus stood some 19 feet tall, which makes this Cretaceous dino- 
saur the largest known carnivore The largest dinosaurs (Diplodoeus 
and Brachiosaurus the latter estimated to hav e vv eighed some 50 tons ) 
were, however, vegetarians It is hard to see how animals of such 
bulk could have moved on land, and some paleontologists conjecture 
that they waded partly submerged in shallow swamps or lakes Stego- 
saurus and Ankylosaurus had bodies armored with bony plates, and 
Were slow moving herbivores, perhaps not unlike the living hippo- 
potami Triceratops had two horns above the eyes, and one on the 
nose like a rhinoceros 

Other reptiles invaded the air, and produced the order of ptero- 
saurs These are again not the ancestors of the birds Their flvjng 
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evidently a great advantage for the stream inhabitants m such cb 
mates to be able to respire both in water and in the air, and to be 
able to walk overland in search of bodies of water that have not dried 
up Once provided with lungs and with walking legs, the ancient 
amphibians became able to exploit also a new source of food, which 
was not available to their water dwelling ancestors, namely, the in 
sects which were becoming numerous at about the same time We 
see that the lungs and legs were "evolutionary inventions” which were 
made probablj in response to peculiar aquatic env ironments— period 
ically dr>ingup pools and streams But these same "inventions,” 
so to speak, opened inadvertentlv mticli wider possibilities of adap 
tation to quite novel land environments hitherto unexploited by ver 
tebratc animals 

However that may be, the amphibians have become very numerous 
and diversified in the Pennsylvanian period, some 30 to 40 million 
years after their first known appearance m the Devonian hfany stnk 
ingly large and pow'erful forms appeared, some of them resemblmg 
modem crocodiles in size and possibly in habits Such rapid rises m 
abundance and diversity of novel groups of organisms adapted to 
novel ways of life are sometimes described as “evolutionary expio 
sions —a description more dramatic than accurate m view of the im- 
mense time spans actually involved 

The dominance of amphibians among the land life continued into 
the Permian period, but it was soon surrendered to another set of 
newcomers— the reptiles Most of the ancient types of amphibians 
died out without issue Some few of them, however, clung to life, and 
eventually produced new groups— frogs and toads, which are reason- 
ably successful today but were rare or did not yet exist during the 
Age of Amphibians 

The reptiles may be described as llie most successful descendants 
of a small group of ancient amphibians It is reasonably clear which 
evolutionary invention caused their success Amphibians are unable 
to live entirely on land since they pass through larval stages (tad 
poles, pollyvvogs) which live in water It is interesting that a total 
emancipation from the necessity of beginning their lives m water has 
been attempted in some toads, in which the tadpoles develop in special 
skin pouches on the back of the parent But, of course, it is the ap 
pearance of eggs provided with abundant food for the development 
of the embryo, and with a shell to prevent drying that solved the 
problem of life on dry land The reptiles, and among their descend- 
ants die birds and some few mammals lay such eggs 
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reptilian order This order ma> be a slightly modifi( d descendant of 
the reptiles which ga\t rise to dinosaurs, true lizards, and perhaps 
other orders Anyway, the living Sphenodon is not easily distinguish- 
able from a fossil disco\ered m Jurassic rocks of an estimated age 
of more than 135 million years This is a case of evolutionary con- 
servatism amounting to a complete stagnation, and bringing the ani- 
mal to the very bank of extinction Tht fact that Sphenodon has 
been preserved only m New Zealand will bo commented upon below 
(page 296) 

The Age of Mammals This name is applied to the time span from 
the earlv Tertiarv to the present, some 70 million years During this 
time tbe earth came to be dominated b\ tbe two highest classes of 
backboned animals, mammals and birds, and also by the flowering 
plants and bv insects (some people prefer to call it the Age of 
Insects ) 

Mammals and birds have reached a level of organization greatlv 
superior to that of the reptiles and other animals (Figure 12 2) The 
most important advance, especially m the mammals, has to do with 
improved care of the young Lower animals produce generally nu- 
merous offspring, most of which fall prey to environmental accidents 
and to predators An individual matters little, the gamble is that a 
small part of the offspring will escape destruction One of tlie trends 
observed m the ptogtesswe evolution of the living world has been 
to m ike the indu idual s survival not a matter of lucky chance but 
of his constitutional and genotvpic filniss to survive (see Chapter 14) 
The proginy becomes, therefore, less numerous, but everv infant is 
provided with maximum protection agimst the hostile world Nfam- 
mals are viviparous, the embryo developing inside the mothers body 
(except the Australian duckbill and spiny anteater, which lav reptile- 
hke eggs) The great mammalian invention is the placenta i nexus 
of blood vessels of the embrvo and of the wall of the mother s uterus, 
through which the embryo is supplied with food and with oxygen 
(the marsupials, of which the opossums and kangaroos arc representa- 
tives have, however no placenta or an imperfect one) Furthermore, 
all mammals including the duckbill and the spiny anteater, nurse their 
young on milk secreted by mammary glands which mav be modified 
sweat glands 

Another evolutionary invention, made bv birds as well as by mam- 
mals IS the warmbloodedness, or, more precisely, a physiological 
homeostatic (see page 13) mechanism which maintains the ^dy 
temperature constant This mechanism permits the mammals and 
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appirnhis consisted of wings fonned nppartnlly by a sVin fold like the 
Wings of modem bats, but supported only by a greatly enlarged fourth 
finger Tho pterosaur wing is, then, completely homologous neither 
to a bird wing nor to a bat wing, although it performed the same 
function, tliat is, filing At least two reptilian orders, ichthyosaurs 
and plesiosaurs, reverted to life in water, and transformed their walk- 
ing legs into paddles or fin Me structures, although they, of course, 
continued to respire b> lungs Some ichthyosaurs probably looked 
superficially like the modem dolphins and porpoises, and led similar 
lives 

Just what caused tlic dying out of these varied and apparently well 
adapted animals at the end of the Cretaceous period is obsaire Tlie 
mammals at that lime were undergoing an adaptive radiation of tlieir 
own, and soon, together vvilli the birds, replaced the reptiles How 
ever, it is doubtful that the previously dominant reptiles could have 
been destroyed by the mammals More probably tlie reverse was 
tnio tho removal of tlie reptiles opened the evolutionary opportuni 
ties to the mammals and birds, and they responded by adaptive radia 
tions, winch filled the “vacanaes" in the economy of nature hereto 
fore preempted by the reptiles 

It IS also instructive to note that the ancestors of tlie novv-Iiving 
reptiles played rather inconspicuous roles dunng the Age of Reptiles 
Lizards and snakes are the most successful of the modem reptiles, 
yet lizards have been known only since the Jurassic period, and snakes 
since the Cretaceous, and these ortJers can in no sense be regarded as 
replacing the extinct “ruling reptiles— in the biological domains of 
the latter Two other orders of reptiles, the crocodiles and the turtles 
exemplify a different situation Crocodiles have been known since 
the Tnassic, and the turtles perhaps even since the Permian periods 
Both orders were more abundant and diversified m the past than they 
are now but by and large they underwent no major evolutionary 
changes Although the dinosaurs and other orders had their time of 
rapid evolution triumphant success, and then downfall and complete 
extmction, the turtles and crocodiles kept on placidly exploiting their 
peculiar ways of life without striking success but also without irrevo 
cable disaster They show an evolutionary conservatism, often met 
with in organisms specialized for some peculiar ways of life in which 
they have no serious competitors 

On an island off New Zealand, now carefully protected by the 
New Zealand government there lives a superficially hzard-hke rep- 
tile Sphenodon (or tuatara), which is a representative of a pnmitive 
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birds to remain active regardless of the temperature fluctuations in 
the environment It is easy to see how great an advantage m the 
struggle for existence is such an independence of the organisms from 
the vagaries of weather The development of hair (in mammals) and 
of feathers (in birds) in plact of the reptilian scales was probably a 
concomitant of the regulation of the body temperature 
Mammals have developed also a leg posture superior to that of the 
reptiles The legs of amphibians and reptiles, having evolved from 
the fins of their aquatic ancestors, are usually widely sprawled out 
sidewise from the body, so that at rest the bellv lies on the, ground 
In mammals the legs have been placed under the body, which now 
rests on the legs Hus change, minor though it may seem, has neces- 
sitated widespread alterations of the skeleton and the musculature 
Finally, mammals have greatly elaborated their teeth Instead of the 
simple peg-hke teeth of the reptile, there is a great variety of mam- 
malian teeth adapted for mppmg grasping, piercing, cutting, pound 
mg or grinding food, the same jaw having different teeth in front and 
on tlie sides To be sure, mammals have sacrificed the indefinite 
amount of tootli replacement, barring artificial ones, mammals have 
just two sets of teeth, the milk’ and the ‘permanent dentition (Fig- 
ure 122) 

A remarkable thing about the evolutionary history of mammals is 
that they appeared long before they became dominant and the Age 
of Mammals began In fact mammal-hkc reptiles, the so called therap 
sids, had appeared already at the beginning of the Age of Reptiles, 
in the Tnassic and even in the late Permian periods The mammahan- 
hke characters of the therapsids are found in the structure of their 
skeletons, since, obviously, there is no way of telling whether they had 
aheadv embarked on the development of the temperature regulation 
and the improved care of the young In the Jurassic period four differ- 
ent orders of mammals already existed, none of which survives today 
Thev were small, rare, and inconspicuous animals Unfortunately, 
very few of them were preserved as fossils, and those that were are 
represented not by complete skeletons but by fragments, mostly by 
teeth There is, again, no way of telling how rapid was the progress 
in the evolution of mammalian physiological adaptations, since only 
bone fragments are found But by the late Cretaceous, as the Age of 
Reptiles was drawing to its close, some mammals appeared whose 
bones are indistinguishable from those living now, particularly opos- 
sums and small insectivores not very different from modem shrews 
And only m the early Tertiary, during Paleocene and Eocene, did the 
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Figure 12 2 Some of the structural and physiological differences distinguishing 
reptiles (left) and mammals (right) (From Colbert) 



Evolutionary Rates 


297 



Figure 12 3 The In mg fossils animals >vhich underwent Uttle change during 
long gtological periods From top donmuard A coelacanth fish (Latimena) 
horseshoe crab (Limulus) a >oung opossum (Didelphis), a brachiopod (Lin- 
gula ) and the tuatara ( Sphenodon ) The figures are not drawn to the same scale 
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adaptive radntion of rmmnnls burst fortli, and ever) mammaban 
order now living, and some that arc cvlinct became represented by 
more or less numerous forms (Tliis ndntion appears, however, less 
sudden if we recall that the Palcocenc and Eocene together lasted for 
some 35 iTullion jnrs!) As indicated above, the coincidence of the 
adaptive radiation in mammals with llic disappearance of the previ 
ously dominant reptiles can bardU be due to chance, but the causal 
relations between the ^vo events arc fir from clear 

Evolutionary Hales It should ahead) be clear from the forcgrmg 
discussion tint the evolutionar) changes do not proceed at an)'thing 
like uniform rates m all organisms Organic evolution is in this re 
sped radicall) different from such incvorabl) even paced processes 
as the decomposition of rndioactite elements Tlie evolution of some 
groups appears to have come to a halt (Figure 123) The opossum, 
which in late Cretaceous was one of the evolutional!) most progres- 
sive forms, has changed little during the 75 or more million vears since 
Hie Sphenodon (see page 292) has not changed appreciabl) for some 
135 million )oars since tlic Jurassic A hvang fossiF which became 
famous m 1039 is a coclacintb fish (Latimcrn) which belongs to a 
group believed to have been cxtmcl since the Cretaceous period until 
a fisherman caught it alive m the Indian Ocean, off South Afnea In 
cidenlall) the coelacanlhs are regaidcd as the descendants of the 
order of fishes which probabi) gave nse (dunng the Paleozoic time) 
to the land vertebrates, and consequently to ourselves The horseshoe 
“crab (Limulus) which is a familiar sight on the Atlantic Coast 
beaches m late spring and earl) summer, is not very different from 
some fossils which were alive some 200 million jeors ago But the 
animal that can be used as a symbol of a real!) staunch conservatism 
IS the lUtle marine brachiopod Lingula, which lias not changed, at 
least on the outside, for about 400 mtlhon years, since tiie Ordovician 
times (Figure 12 3) 

At the opposite extreme arc the dangerous radicals which change so 
rapidly that the fossil record becomes quite inadequate to register the 
changes Tlie class of mammals as a whole belongs here, since, with 
few exceptions indicated above none of the modem forms existed 
m the late Cretaceous Few of the modem species of mammals ex- 
isted even in the late Tertiary (although all the modem orders and 
many families and genera did) The human species is one of the worst 
radicals, since it evolved so rapidly that our ancestors only one million 
years ago were quite appreciably different from ourselves 

Evolutionary progressiveness or conservatism are not permanent 
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the family of horses (Equidae), whereas Phenacodus is placed in the 
extinct order CondyHrthri Otherxwse, Eohippiis resembles Phenaco 
dus more than it does a modern horse Eohippus was, in fact, even 
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Figure 12 4 Companson of the skull teeth anti feet of Phenacodus and Eohip 
pus (From G C Simpson b> permission of the Oxford University Press ) 


smaller than Phenacodus, various species of the former ranging from 
10 to perhaps 20 inches tall at the shoulders— the height of a medium- 
sired dog But Its front feet had only four toes, and the hind feet 
only three toes, each toe ending m a separate hoof (Figures 12 5 and 
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properties of a group of organisms Even Lingula must ha\e at some 
time evolved from more primiti\c ancestors A rapidly evoUing group 
may enter upon a period of evolutionary stagnation, and the opposite 
clnnge may also occur Some biologists supposed tint e\ery group 
of organisms has its “evolutionary youlir when it evolves rapidly, its 
maturity when it is common and produces many species and varieties 
in diifcrent parts of the world and m different habitats, and its “evolu- 
tionary old age,’ when it stops ciohmg or evolves rn wrong direc 
tions, leading to extinction Tliis matter will be discussed in the con 
eluding chapter of this booh For the time being it is sufBcicnt to 
say that evolutionary “youth” and “senility” are words which are mis 
leading, since they suggest a wrong analogy between the develop 
ment of an individual and the evolution of a species, a genus, or a class 
The evolutionary fate is to a great extent determined by the relation- 
ships between the organism and its environment and has no inexor 
able course, as the life of an individual does This fact can be seen 
best by considering a concrete evolutionary history, and we choose for 
this purpose the example of the evolution of the horse family (Equi 
dae), which has been studied in detail by some of the most eminent 
paleontologists 

Evolution of Horses According to Simpson, the foremost authority 
on mammalian origins It may be, indeed that the lion and the lamb 
are cousins ' He lias said this because the ungulate mammals, to vvluch 
horses and Iambs belong and the carnivores to which lions belong 
are greatly modified descendants of the closely related condylarths 
and creodonts Condylarths and creodonts were rather common ani- 
mals during the earliest Tertiary epoch Paleocene Tliey became e\ 
tinct as such during the next epoch. Eocene, presumably being re 
placed by their own modified or better fit to survive descendants 
The best known condylarth called Plienacodus, resembled a horse 
about as little as it did a lion or a lamb It was an animal rather 
smaller than the smallest pony, with feet having five toes, each toe 
provided with a small hoof (Figure 124) Its teeth were small and 
pointed, the canines being somewhat larger and remotely dog like 
Such teeth suggest that Phenacodus was probably omnivorous, eating 
the various foods, both vegetable and animal, that it could get 

During the Eocene Hyracothenum lived It is more widelv known 
under the name of Eohippus, the dawn horse There is a break in 
the fossil record between the condylarths and Eohippus, that is, no 
intermediates between them have yet been found It is chiefly for 
this reason that Eohippus is placed in the order of ungulates and in 
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the familv of horses (Equidae), whereas Phenacodus is placed in the 
extinct order Condylartlira Otherwise, Eohippus resembles Phenaco- 
dus more than it does a modern horse Eohippus was, in fact, even 
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Figure 12 4 Compnrison nf the skull teeth and feet of Phenacodus and Eohip 
pus (From G G Simpson bj. permission of the Oxford University Press ) 

smaller than Phenacodus, various species of the former ranging from 
10 to perhaps 20 inches tall at the shoulders— the height of a medium 
sired dog But its front feet had only four toes, and the hind feet 
ouh three toes, each toe ending in a separate hoof (Figures 12 5 and 
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Figure 12 5 Evolution of the horse as illustrated by an exhibit at the American 
Museum of Natural History New York (From Weimcr ) 
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12 6) The head of Eohlppus %vas, again, not very different from the 
head of Phenacodus, but the molar teeth had already begun to dc\ elop 
the crests whlcli serve to grind the food, whereas the front teeth (in 
cisors) became modified for nipping and picking up leaves, and a gap 
(diastema) appeared between the incisors and the canines This gap 
is present in the later and in the modem horses Eohippus did not 
graze on grass, but probably browsed on leaves, buds, and perhaps 
on fruits and seeds Having the benefit of hindsight, we recognize 
that Eohippus was evolving not in the direction of lions, but in the 
direction of Iambs, or rather of horses 
Many textbooks and popular accounts of biologv represent the evo 
lulion of the horse famil> as starting with Eohippus, and progressing 
in a direct line towards the modem horse, Equus This evolutionary 
progress involved, allegedly, the animals getting steadily larger and 
larger, while their feet were losing toe after toe, until just a single hoof 
was left According to Simpson, tins oversimplification really amounts 
to a falsification In reality things happened in a far more complex 
yet more meaningful vvay, summarized m Figure 127, which still 
shows only the principal events of a long history 
During the Eocene epoch Eohippus evolved slovvl>, and produced 
several species and related genera (Orohippus, Epihippus) which lived 
both m North America and m Eurasia Later on, all the Old World 
species died out, while one or more American species gave rise to a 
new genus, called Mesohippus During the Oligocene epoch, Meso* 
hippus became a verj common animal in North America to judge by 
the large number of its remains that have been discovered It was 
taller than Eohippus (24 inches tall on the average), and it had long 
and slender legs, each with three toes The brain casts of Mesohippus 
show another important advance— an mcreased size of the cerebral 
hemispheres The success of this animal may have been due as much 
to its growing more intelligent is to growing more fleet footed 
During the next epoch, the Miocene, the Mesohippus stock bios 
somed out in a variety of new genera, among which Anchithermm, 
Hypohippus, and Merychippus are most important (see Figures 12 6 
and 127) The first two were great travelers, and spread out from 
their native North America to the Old World, where they became 
quite common These successful colonizers were getting somewhat 
taller as time went on but th^ still had three toes on each foot, and 
their teeth indicate that they were, hke their ancestors, browsing on 
foliage Merychippus stayed at home m North America, but it made 
an evolutionary invention which affected all subsequent evolution of 
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Figure 12 7 A scUemUtc lepicsentation of the e\oluUon of the horse tnhe 
showing the geoj,raphic distribution of the different forms and tlitir mode of 
securing food by browsing or by gnzing (From G G Simpson, by permission 
of the Ovford Unnersity Press ) 
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the horse family Tins invention is the high crowned teeth with a 
complex pattern of crests and ridges, the horses now living have teeth 
of this kind, though, of course, they are much larger than those in 
Merychippus Such teeth made possible a change in diet Mcrychip- 
pus and its numerous descendants, including the modem horses, M 
by grazing on grass instead of by browsing on leaves 

It was not a fortuitous chance that the switch from browsing to 
grazing took place in horse evolution during Miocene In Eocene and 
dunng much of Ohgocenc, most of the earth enjoyed warm and humid 
climates Tropical evergreen and temperate broad leaved forests 
were the widespread ty-pcs of vegetation, and they offered ample food 
to browsing horses But as time went on, the climates tended to be- 
come cooler, and in many parts of the world also drier Grassy steppes, 
praines, and savannas were becoming more and more widespread 
And yet, during Miocene, few animals, or at least few mammals, were 
adapted to utilize grass as their mam diet Grass is ver> harsh food, 
and the low crowned teeth of the browsing horses would have been 
worn down to the gums by tough grass Mer>chjppus evohed teeth 
which enabled it to feed on grass, and its descendants mliented the 
earth,’ or at least the grass covered part of it But the new wa> of 
life necessitated also qualities other than high crowned teeth On 
grassy plains, animals can be seen from greater distances than in for- 
ests Accordingly, natural selection favored larger, stronger, and 
faster grazing horses, which could defend themselves or could escape 
from their enemies 

The net result of the change in the diet was a quickening of the 
pace of evolution in the Merychippus line The horses of the next 
epoch, Pliocene were derived chiefly from Merychippus, whereas the 
browsing horses lingered on, and eventually became exbnct (Figures 
12 5 to 12 7) One of the most successful descendants of Merychippus 
was the genus Hipparion, winch repeated the exploits of the Miocene 
browsing horses, and spread from North America to the Old World, 
colonizmg not only Asia and Europe but Africa as well This was an 
animal of about the size of a modem cow pony, but it still had three 
toes on each foot Meanwhile, in North America there arose still 
another horse, Pliohippus, in which the side toes were finally lost, 
leaving just a single toe on each foot Pliohippus appears to be the 
progenitor of the genus Equus to which belong the modem horses 
zebras, and asses (see Chapter 9) 

The last chapter of the history of the horse family is a puzzling one 
During the Ice Age (Pleistocene) the genus Equus spread from North 
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Amenca to Eurasia, giving rise to species of horses and asses, to Africa 
where zebras were formed, and finally to South America Just what 
the indigenous North American horses were like m color and in habits 
IS ambody s guess, but it is fairlj certain that the early human in- 
habitants of the Americas (Indians) found horses abundant in manv 
parts of the continents It is quite certain however, that bv the time 
white men came to the Americas, the native horses had died out, and 
horses were re introduced from Europe Wlnt or who killed the 
native American horses^ Was it an infectious disease, or animal pred- 
ators or hunting by the Indians^ The cause is unknown, and serious 
objections can be raised against all these hypotheses 
Another puzzle of the horse evolution is that all major evolutionary 
advances have taken place on the North American contment As Fig- 
ure 12 7 shows, horses repeatedly invaded the Old World from North 
America, had a brief efflorescence there, but each time died out with- 
out leaving descendants Bemains of Eohippus, Anchithenum, and 
Hipparion were found in Europe before fossil horses were discovered 
m America The pioneer Russian paleontologist Kovalcvskv, who 
made a classical studv of the European fossils in 1873, concluded that 
Eohippus— Anchithenum— Hipparion— Equus formed a line of descent 
This was one of the first triumphs of evolutionism in paleontology 
Kovalevsky, of course was right m his conclusion that the fossils he 
was studying represented successive stages of horse evolution, but he 
had no wav of knowing that the forms which he had at his disposal 
were blind offshoots of an evolutionary development which took place 
on the other side of the globe Only since the Amencan paleontolo- 
gists Marsh, Cope, Osborn, Matthew, and Simpson have discovered 
and studied the Amencan fossil horses has the evolution of the horse 
family become one of the best-known and most instructive examples 
of the historical development of a group of living beings 
Evolution and Opportunity Although this interpretation is not 
universally accepted (see Chapter 11), it seems probable that the im- 
portant advances in the evolution of the horse familv occurred when 
the animals adopted new ways of life Thus the high crowmed teeth 
with complex gnnding surfaces arose presumablv when the horses 
were becoming grazers instead of browsers In turn, the develop- 
ment of the grazing habit w as a response to the existence of an abun- 
dant and hitherto little exploited food supply— grass Such a causal 
connection between ecological opportunity (a new and plentiful food 
supply ) and evolutionarv change (development of organs able to uh- 
hze this food) is exactly what is expected if evolution is brought about 
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by natural selection of fit gene combinations Modem paleontologists 
and biologists are certainly not yet in a position to give causal explana- 
tions along similar lines to all the ciolutionar) changes of which the 
fossil record bears Witness We can, ho\vc\er, take comfort in the 
fact that as our knowledge both of living and of fossil organisms in- 
creases, the ecological factors responsible for evolutionary changes 
emerge more and more clearlj in more and more evolutionary his 
tones 

One of the most fascinating and suggestive phenomena which can 
be understood m the bgbt of tlie above theory is evolutionar) paral 
lelism It lias been pointed out m Chapter 10 that organisms which 
are not closely related often develop analogous organs, serving similar 
functions, vvhen these organisms have similar ways of life Thus 
fishes, ichthyosaurs, and whales and porpoises evolved remarkably 
similar streamlined body shapes Comparison of the inhabitants of 
certain countnes reveals evolutionary parallelism on even grander 
scale We shall consider two examples in this category comparison 
of the mammals of Australia wiUi those of the rest of the world, ind 
comparison of the histones of the mammals inhabiting North and 
South America 

It lias already been stated (page 293) that the mammals which give 
birth to living young can he divided into placentals and marsupials 
In the former, the fetus obtains its nourishment from the mothers 
body through the placenta, and is bom at an advanced stage of de 
velopment In the marsupials the young are born quite small, and are 
taken care of in a special pouch on the mother’s belly, winch serves 
as an incubator and a perambulator combined In the world at large, 
placental mammals greatly outnumber the marsupials Thus in North 
America the only marsupials are the opossums, in Europe there are 
none at all Australia, however, is an exception The most conspicu 
ous and charactenstic Australian mammals are marsupials Further 
more, and tins is (he point worth a particular emphasis, among the 
Australian marsupials many kinds of animals exist which resemble, 
both in appearance and m ways of life, placental types livmg else- 
where 

Figure 12 8 shows some examples There exist wolf-like marsupials 
(Tasmanian wolf ), mole like, squirrel like (phaiangers), rodent like 
(wombats corresponding to our woodchucks) and even anteater like 
marsupials There is nothmg quite like horses, deer, antelopes, or 
other ungulates m Australia, but tiieir place is taken by the herbivorous 
kangaroos, which are represented by many species of different sizes 
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There are no marsupial bats, and this exception truly pro\es the rule, 
for placental bats are a group of placental mammals abundantly rep 
resented in Australia 

The reason the marsupials have developed m Australia many eco- 
logical and structural tv^pes represented by parallel placental forms 




Marsupial "Mole” 

Figure 12 8 Adiptue radnlion of mxrMipial mammils in Australia which Ins 
51 ' cn rise to a great \anety of forms resembling certain kinds of pUcental rnam 
mats which h\e outside Auslraba (From Colbert ) 

elsewhere is reasonably clear It is the absence in Australia of these 
placentals Australia is an island continent, sepirated from other 
continents bv wide oceans oi (from Asia) by deep and relatively 
broad sea straits Australia has been an island continent for a long 
time although there is no unanimity among geologists as to just how 
long During the Cretaceous and the early lertiarv periods, both the 
primitive marsupials and the placenlals were widely distnbuted Tlie 
marsupnls happened to reach Australia at an early time (just when 
however is unknowTi), whereas the placcntals did not reach there 
until much later Sucli accidents when some creatures do and others 
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do not happen to colonize an island, arc quite common (see page 313) 
Australia offers about ns nth a variety of ecological opportunities as 
larger continents It has temperate and tropical forests, steppes, des 
erts, mountains, and plains To the existence of these opportunities 
life has responded by c\ olving parallel adaptiv c organizations A mar- 
supial mole’ IS nstonishmgl) like a “real" placental mole, both in 
general appearance and in habits And yet any competent anatomist 
sees easily that the similarities arc due to analogy and not to homology 
(see page 231) But the opportunity to develop a marsupial “bat” was 
cut off by the invasion of placental bats from Asia, the bats can nego 
tiale marine straits perhaps more easily than non flying mammals can 

The Mammalian Inhabitants of North and South America The 
drawback to the story* of the Australian mammalian fauna is that its 
geological history is little known In this respect a comparison of the 
mammals of North and South America is more instructive For South 
America was an island continent on and off during its history, and 
again it was repeatedly connected to North America by land bridges 
such as the Isthmus of Panama is at present It happens that during 
most of the Tertiary Age of Mammals, South America was an island 
On the contrary. North America, at least during the Tertiary, was 
always connected with, or separated by only a narrow strait like the 
present Bering Strait, from the great Eurasnn land mass The con- 
nection was through Alaska and northeastern Siberia, and organisms 
able to negotiate the climatic conditions of that region passed freely 
between the New and the Old Worlds We have seen that ancient 
horses made use of this route several times 

By Eocene times both placental and marsupial mammals were 
spread widely over the surface of the earth Their fossilized remains 
have been discovered in both North and South America Of course 
they belonged not only to extinct species, but also with few excep 
tions (such as the opossum) to families and even to orders which have 
since become replaced by greatly modified descendants From Eocene 
onward, however South America became an island, since there was a 
sea strait in place of the Isthmus of Panama The mammals of South 
America evolved, then independently from those of North America, 
with little or no interchange of inhabitints between the two conti 
nents The results of these mdependent developments were remark- 
able 

Dunng the later part of the Tertiary period (Miocene and Pliocene 
epochs) both North and South America had diversified mammalian 
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inhabitants, more than tsvcnt> different families having been presen. ed 
as fossils on each continent (sec Table 122) The striking fact, how* 

T.VBLE 12 9 

Nuvbers of Different Families of jMotMAi>9 ^^IIIC^ \nL Known to 
Hwe Lived o\ the North American and the South American Continents 
AT Different Times Including the i amiueln \\incii Were Common to 
Born Continents 


(According to Simpson ) 


Time 

I aimlics in 
North America 

Families in 
South America 

Families in 
Both Continents 

Recent 

23 

JO 

15 

Plei-itocenc 

32 

JG 

21 

I ale Phoctne 

27 

20 

5 

Larlv Pliocene 

28 

20 

2 

Late Miocene 

20 

24 

1 

Mid-Miocene 

27 

23 

0 


ever, is that almost all the North American mammals were quite dif- 
ferent from the South American ones Onl> a few families, and no 
genera, lived on both continents In other words, the independent 
evolutionary developments hive produced different animils m the 
two Americas 

And yet, the North Americin and the South American Tertiary 
mimmils often represented strikingly parallel biological types Thus 
m North America (and m the Old World) there appeared dog like 
and catlike carnivores, the order Carnivora belonging of course, to 
the placental mammals In South America there also appeared some 
animals resembling wolves and others resembling saber-toothed tigers 
But these South American carnivores are marsupials not placentals* 
In the Old World (including North America) herbivorous ungulates 
developed, including horses, camels, rhinoceroses, etc In South Amer- 
ica two now completely extinct orders evolved, known as htopterns 
and notoungulates which have produced some forms amazingly simi 
lar to ungulates (Figure 129) Thus the family Proterotheriidae, be 
longing to the Litopterna, became horse-like, including the reduction 
of the number of toes m one line to three and in the other to a single 
toe on each foot These one toed litoplems had already appeared in 
Miocene, whereas one-toed horses are known only from Pliocene on 
Ciiriouslv enough the three toed and one toed htopterns did not de 
\clop grazing teeth but another group (Notohippidae) did acquire 
grazing teeth but not the legs speualized for runnmg that horses have 
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suit other htoptems beenme cnmcllikc, wlitrcis the toxodonts (be 
longing to nn extinct South American order Noloungulala) xverc 
rhinoceros hke 

Of course the South American htoptem pseudo horse is m no sense 
identical with a real horse, just as the Australian marsupial "woir is 



Figure 12 9 Comergent e\olution of the foot bones in the horses (A and C) 
and in Uie South American htopterm (B and D) A and B threo-toed forms 
C and D one toed fonns (Frorn Colbert ) 

Still a marsupial and not a placental wolf According to Simpson, “it 
would be a stupid anatomist who could not distinguish the two 
( wolves ) from any single bone or organ in the body ” And yet, the 
two “wolves do appear stnkm^y similar externally and it is certainly 
not a coincidence that they lead more or less similar lives The mod- 
ern placental wolf, the Australian marsupial "wolf,” and the extinct 
Soutli American marsupial ''wolves' (borhyaenid) are made out of 
different genetic materials, but they are cast, as it were m the same 
mold Because of the similar mold these different animals were able 
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to preempt the ecological niche, the profession, of a wolf like animal 
Most of the peculiar and fascinating South American mammals of 
the Tertiarj have become extinct In late Pliocene or in Pleistocene 
times the Isthmus of Panama rose from the sea and made a land corri- 
dor linking the two continents Through this corridor the North 
American mammalian families, including horses, tapirs, deer, camels, 
cats, wolves, rodents, and many others, invaded South America Simi 
larlv. North America acquired armadillos, porcupines, sloths, and other 
forms from South America During Pleistocene and Recent times 
more than half of the mammalian families occurring on either conti- 
nent occur also on the other continent (Table 12 2) 

The imasion from the North had disastrous effects on many nati\e 
animals of South America several whole orders and many families 
died out The htoptern pseudo horse and the marsupial pseudo-wolf 
were simply no match for the real horse and the real wolf StrangeU 
enough the immigrants from the Sotitli did not wreak any havoc in 
North America, and the extinction of only a few North American na- 
tives IS ascribable to the competition of the invaders from tlie South 
Just why this should be so is a matter of speculation One guess, put 
forward originally by Matthew is that, among hnd organisms, the 
successful products of evolution are most likely to arise close to the 
center of large continental masses, where the numbers of competing 
forms are largest and the competition is toughest Isolated islands 
and remote comers of continents, on the contrary, may harbor some 
organisms relatively less resistant to the rigors of competition During 
the Tertiary, South America was an island while North America was 
exchanging inhabitants with the great Asian-European African land 
mass Many of the native South American mammals were, then, sup 
planted by the tougher invaders 

Oceanic and Continental Islands and Their Inhabitants In 1835 
Charles Darwin then a y oung naturalist, visited the Galapagos Islands, 
located on the Equator some 600 miles off the West Coast of South 
America (Figure 1212) He was greatly impressed by finding that 
most of the animals and plants in Galapagos were endemic, that is 
occurred nowhere else in the world At the same time many of them 
resembled the inhabitants of the neighboring South America Darwin 
correctly surmised that the Galapagos endemics were more or less 
profoundly modified descendants of immigrants from the South Amen 
can continent Here, then, the occurrence of an evolutionary process 
was reasonably obvious Some two decades later, A R Wallace, the 
CO discov erer v\ ith Darw m of the principle of natural selection, reached 
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Still other htoptcms became camel like, whereas the toxodonts (he 
longing to nn extinct South American order Notoungulata) were 
rhinoceros like 

Of course tlic South American htoptem pseudo horse is in no sense 
identical with a real liorse, just as the Australian marsupial “woir is 
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Figure 129 Comergenl euilubon of the foot bones in the horses (A and C) 
and in the South Ameiicin Iitoptems (B and O) A and B three toed forms 
C and D, one toed forms (From Colbert ) 

Still a marsupial and not a placental wolf According to Simpson, it 
would be a stupid anatomist who could not distinguish the two 
( wolves ) from any single bone or organ in the body And yet, the 
two wolves do appear strikangly similar externally, and it is certainly 
not a coincidence that they lead more or less similar lives The mod 
em phcental wolf, the Australian marsupial “wolf, and the extinct 
South American marsupial "wolves (borhyaenid) are made out of 
different genetic materials, but they are cast, as it were in the same 
mold Because of the similar mold these different animals were able 
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to preempt the ecological niche, the profession, of a wolf like animal 
Most of the peculiar and fascinating South American mammals of 
the Tertiar\ ha\e become extinct In late Pliocene or in Pleistocene 
times the Isthmus of Panama rose from the sea and made a land com 
dor linking the two continents Through this corridor the North 
American mammalian families, including horses, tapirs, deer, camels, 
cats, wolves, rodents, and many others, invaded South America Simi- 
larly, North America acquired armadillos, porcupines, sloths, and other 
forms from South America During Pleistocene and Recent times 
more than half of the mammalian families occurring on either conti 
nent occur also on the other continent (Table 12 2) 

The invasion from the North had disastrous effects on many native 
animals of South America several whole orders and many families 
died out The htoptern pseudo horse and the marsupial pseudo-wolf 
were simply no match for the real horse and the real wolf Strangely 
enough the immigrants from the South did not wreak any havoc in 
North America, and the extincbon of only a few North American na- 
tives IS ascribable to the competition of the invaders from the South 
Just why this should be so is a matter of speculation One guess put 
forward origmallv by Matthew, is that, among land organisms, the 
successful products of evolution are most bkcly to arise close to the 
center of large continental masses, where the numbers of competing 
forms are largest and the competition is toughest Isolated islands 
and remote corners of continents, on the contrary', mav harbor some 
organisms relatively less resistant to the rigors of competition During 
the Tertiary, South America was an island while North America was 
exchanging inhabitants with the great Asian European African land 
mass Many of the native South American mammals were, then, sup- 
planted by the tougher invaders 

Oceanic and Continental Islands and Their Inhabitants In 1835 
Charles Darvv in, then a young naturalist, visited the Galapagos Islands, 
located on the Equator some 600 miles off the West Coast of South 
America (Figure 1212) He was greatly impressed by finding that 
most of the animals and plants in Galapagos were endemic, that is, 
occurred nowhere else in the world At the same time many of them 
resembled the inhabitants of the neighboring South America Darvvm 
correctly surmised that the Galapagos endemics were more or less 
profoundly modified descendants of immigrants from the South Amen 
can continent Hen , then, the occurrence of an evolutionary process 
was reasonablv obvious Some two decades later, A R Wallace, the 
CO discoverer with Darwin of thepnnciple of natural selection, reached 
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similar conclusions b) studying the inlsabitants of islands on the oppo 
site side of the globe-in Indonesia 
Two kinds of islands may be convenient]) distinguished— the oceanic 
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Figure 12 10 Darwin s finches of the Galapagos Islands This is a group of 
birds which became adapted to di>er5e modes of life and developed a great 
vanety of adaptations, particularly in the structure of the beak (From Lack, 
courtesy of Cambridge University Press ) 

and the continental ones Oceanic islands have never been connected 
by land with my continent or were so connected only long ago 
Galapagos and the Hawaiian islands are good examples of the oceanic 
kind, they are islands of volcanic origin, and they rose from the bottom 
of the ocean far from any land Continental islands are separated 
from the mainland generally by shallow straits, and were parts of the 
mamland m geologically recent tunes Long Island near New York, 
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similar conclusions by studying tlie inlnbitants of islands on the oppo- 
site side of the globe— m Indonesia 
Two kinds of islands may be conveniently distmguishcd-the oceanic 
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Figure 12 10 Darwins finches of the Galapagos Islands This is a group of 
birds which became adapted to diverse inodes of life and developed a great 
variety of adaptations particularly in the structure of the bealc (From Lack, 
courtesy of Cambridge Uiuversity Press ) 

and the continental ones Oceanic islands have never been connected 
by land with any continent, or were so connected only long ago 
Galapagos and the Hawauan islands ire good examples of the oceanic 
kind, they are islands of volcanic origin, and they rose from the bottom 
of the ocean far from any land Continental islands are separated 
from the mainland gene rallj by shallow straits and were parts of the 
mainland in geologically recent tunes Long Island near New York, 
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matter may respond bv evolution of forms adapted to occupy these 
ecological niches 

Zoogcographtc and Ph> togcographic Regions The second half of 
th( eighteenth century saw the completion of the first phase of the 
geographic exploration of the world By that time all the continents 
and the major islands had been discovered At tlie same time, the 
descriptive studies of the geographic distribution of living creatures 
began to reveal that e\ ery land area and every section of the sea has e 
their own sets of animals and of plants Much depends, of course 
on the climate, but this is far from the whole story Parts of Cahfornn 
of Mediterranean countries, of Australia, South Africa and western 
South America have rather similar climates, and vet tlu native in 
habitants of these countries are quite different Tropical rainforests 
occupy extensive territory in the basin of the Amazon m South Amer- 
ica, the Congo Basin in Africa and m southeastern Asia and Austral 
asia, but the plants and animals of these rainforests are different 
These facts were generalized during the second half of the nineteenth 
centurv, when the world was subdivided into several zoogeographic 
(faunal) and phytogcographic (floral) regions Although the de 
tails of this subdivision are not even now fully agreed upon, the map 
in Figure 12 12 summarizes the essentials of the story 

The United States, Canada and the highlands of Mexico are in- 
habited by the Ncarcttc fauna This fauna is not very different from 
the Palcarcttc fauna— in Europe, Asia down to the southern slope of 
the Himalaya Mountains, and Africa north of Sahara Desert The 
Nearctic and Palearctic tauna ma\ consequently, be parts of a larger 
HolarcUc fauna South Amenta, CentrAl America, and the Mexican 
louhnds are inhabited by the Ncotropic fauna \friea south of 
Sahara has the Ethiopian fauna southern Asia and Indonesia the 
Oriental or Indo-Malatjan fauna, and Australia is a world unto itself— 
h<re IS the Aiisfrahan fauna 

Darwin, Wallace, and among their successors particularly Lvdehker 
(1896) and the Sclateis saw dearly that the existence of this regional 
differentiation of the living world is comprehensible only as an out 
come of an interaction between the geological history of the earth and 
the organic evolution We have already discussed the historv of the 
Australian region (page 307) The marsupial mammals underwent 
there an adaptive radiation, being protected from competition of the 
placental mammals by the island nature of Avistraha The Australian 
tree flora is dominated bv species of eucalypts and of acacias, which 
have evolved almost every conceivable ecological type of tree Out- 



314 Historical Uecord of Organic Evolution 

sKrtcd {in {idaptivc rndntron of fin^ies which c\cntuanj resulted m 
ehbontion of athptuc tjpcs Tjio exploit hinds of food which on 
continents are tatcn by groups of birds other than finches (wood 



Figure J2 11 Drepaniid birdj of the IJauai/tn Islands These birds» no! at all 
tlosel> related to Darvvins finches (sec Figure 12 10) gase nse to dnerse adapts 
Uons particularly different fornss of the beak used to subsist on different lands cl 
food (Courtesy of Dr Dean Amadon ) 

peckers parrots warblers, etc ) in Hxwau it is a different family of 
birds which undersxent a similar adaptixe radiation— the honey creep- 
ers— Drepanndae The history of a Bora or a fauna of an oceanic 
island teaches us the same fesson as does the history of the living 
world as a whole The eaustenee of unexploited possibilities of life, 
of unfilled "ecological niches" acts as a challenge to which the living 





317 


Stiggcrfions for Further Reading 

arose m connection with the hypothesis of continent drift developed by 
the German geologist Wegener According to this hypothesis, conti 
nents are blochs of relatively light rocks floating on the surface of the 
VISCOUS and heavier strata of the earth’s crust Wegener visualized 
that the present continents during the Paleozoic and earlier times 
formed one or two enormous land masses Africa was united with 
southern Asia, and through South America also with Antarctica and 
Australia, into a single mass This mass broke up into the present 
continents, which then proceeded to drift apart, the Atlantic, Indian, 
and Antarctic oceans forming between them 
Some zoologists and botanists believed that the continental drift 
hypothesis explained some faunal and flonstic resemblances, particu- 
lar!) between Africa and South America, South America and Australia, 
and Africa and Australia Indeed, there are examples of animals and 
plants which occur on almost any pair of continents now separated by 
wide oceans, and not in the territories linking these continents In 
Chapter 9 we saw a situation of this sort exemplified by species of 
cottons However, the hypothesis of continental drift has encountered 
grave and apparently insuperable difficulties, and is now abandoned 
by most geologists The biological facts which wer( adduced in its 
favor were never compelling and most of the modern biogeographers 
believe that this hypothesis should be rejected also on biological 
grounds The scattered instances of discontinuous distribution of 
animals and plants on remote continents have to be considered each 
on its own merits Sometimes we arc dealing with organisms which 
uere widely distributed m tht past but now survive only m some 
v/idely separated territories Thus species of incense cedar (Libo- 
etdrus) are now known in California Chile, and New Zealand Some- 
times there are instances of “sweepstakes distribution " 

Suggestions for Further Reading 

Simpson G G 1944 Tempo and Mode in Ei,olulion 1st Edition 1953 The 
Major Features of Eiotulion 2nd Edition Columbia University Press New 

\Qtk 

Simpson C G 1949 The Meaning of Etolulion Yile University Press, New 
Hav en 

Many paleontologists questioned whether the evidence of the fossil record could 
be reconciled with the biological theory of evolution Simpson s books have shown 
that a svnlhcsis of paleontology and the rest of evolutionary biology is indeed 
possible In fact these works have to a considerable extent created the raodem 
version of this theory Thev should be read b> everv evolutionist 
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side Australn the eucalypts arc native only on some of the neighboring 
islands, and no\shcrc else m the world 
The divergent fc'iturcs of tlie fauna and flora of the Nootropic re* 
gions arose because of a situation siinihr to that obtaining m Australia 
South Amcnca wns in island during the Tertiary times, but it became 
Jmhed to North *\i«cnca am! mttrdnngcd inliabitants wnth the latter 



Figure 12 12 2^geograpliic or faunal regions of the world and some of tht 
oceanic Ishnds l«a\jng peculiar faunas menlioned rn the test 


from pleistocene tunes on (page 321) Conversely, the relative um 
formity of the enormous Holarctic region including ports of four con 
tinents, is understindable because these continents interchanged in 
habitants more or less continuously In particular. North America was 
for a long time close to Eurasia in the vicinity of the Bering Strait 
(page 204) The inhabitants of Africa (Ethiopian region) developed 
in relative isolation from those of Eurasia, because of the etistence 
until geologically relatively recent times of a sea in place of the 
present Sahara Desert (Figure 1212) 

The above facts have now been familiar to biologists for so long 
that It IS useful to point out that dae history of the world fauna and 
flora IS still far from completely known and that many basic problems 
in the field still await solution One of the most controversial issues 
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grave and apparently insuperable difficulties and is now abandoned 
b> most geologists The biological facts which were adduced m its 
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Darwin’s discovery that man is a descendant of non human ances 
tors seemed repugnant to some of his contemporaries The story goes 
that, on hearing about Darwms theory, a lady cried 'Descended 
from the apes’ My dear, we will hope that it is not true But if it is 
let us pray that it may not become generally known ' To her, it was 
terribly degrading to be related, however distantly, to an ape But 
the neivs became rather gcnerall) known, and most people grew 
reconciled to the strange relative 

At present the dust has settled sufficiently to see things more clearly 
Man IS a biological species subject to the action of biologicil forces, 
and a product of a long evolutionary development It does not matter 
whether the evolutionary origin of man is called an hypothesis or 
a fact’ Events which occurred before there were observers capable 
of recording and of transmitting their observations must of necessity 
be inferred from evidence now available for study But the evidence 
shows conclusively that man arose from forebears who were not men, 
although we have onl> the most fragmentary information concerning 
the stages through which the process has passed Nobody has seen 
that the earth is a sphere or that it revolves around the sun rather 
than vice versa nobody has cau^t a glimpse of atoms or of things 
within atoms Are atoms, then, factual or hypothetical? The least 
that can be said is that in our activities we take the earth to be a 
sphere and treat atoms as though the> were facts For similar reasons. 
It IS not a matter of personal taste whether or not we “believe in 
evolution The evidence for evolution is compelling Moreover, 
human evolution is going on at present, and, what is more, biology is 



320 Human Evolution 

in the process of acquiring knowledge which may permit man to con 
trol and to direct this evolution 

Biologists have been so preoccupied with proving that man is a 
product of organic evolution that tliey have scarcely noticed that min 
IS an extraordinary and unique product of this evolution He is unique 
In a purely biological sense Some forces winch are important in the 
evolution of man occur at most os vestiges in the evolution of other 
creatures The leading forces of human evolution are intelligence, 
ability to use linguistic symbols, and the culture which man Ins de- 
veloped Tlicsc exclusively, or ncarJ> exclusively, human phenomena 
affect the biological evolution of man so profoundly that it cannot be 
understood without taking them into account Conversely, human 
society and culture are products of the biological evolution of our 
species Human evolution is wholly intelligible only as an outcome 
of the interaction of biological and social forces Biologists and so- 
ciologists ore equally guilty of underestimation of this fact 
Characteristics of the Class of Primates Although Linnaeus was 
not an ov olutionist, he correctly placed man Homo sapiens, in the order 
of primates, of the class of mammals, of the vertebrate phylum 
Except for man, who now lives m all climates which the earth has to 
offer, primates are tropical or subtropical animals Several groups of 
primates are known as shown m Table 13 1 and Figures 13 1 and 13 2 

TABLE 13 1 

STaTiaiA.Tic PosiTiov OF ALan and lire Lmso IIelative3 BixoNcrya to 
THE Order of I^usiates of tub Ceaxs of ^Iwauia 

{After Simpson ) 

Infraorder or Vcmacuiar Name and Geographic 

Superfsmily Distribution 

( Familj llommidae Men ClVorld wide) 
Family PoBpidae Apes (Tropical Asia 
and Africa) 

Cercopitbecoidea Old World Monkejs (Tropical -ksia and 

yVfnca) 

Ceboidea New World Slonkejs (Tropical America) 

Tarsiitornws Tarswrs (Indonesia Philippmes) 

Lonsiformes Lons and Galagos (Tropic^ Asia and 

Afnca) 

Doubentonioidea Aye Aje (Madagascar) 

Lemuroidca Lemtm (Madagascar) 

Tupaioidea Tree SireixT (Trc^ical Asia) 
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Living Relaiwcs of Man 

Very few distinctive traits are common to all primates Most, though 
not all, occur in tropical forests and are tree dwellers The tliumb, 
and usually also the gr( at toe, are opposable to the other digits— an 
advantage for creatures that must climb and jump among tree 
branches Man, how cv er, has lost the opposabilitv of the great toe 
which his ancestors possessed Most, though again not all, primates 
use their hands and feet for grasping and handling objects rather than 
for walking Man’s ancestors lost the use of their feet for grisping as 
they attained their erect posture The emancipation of the hands 
from walking duties made possible their use for delicate manual oper- 
ations of which man alone is capable The teeth of primates are not 
specialized for just one kind of food, as the teeth are specialized m, 
for example, grazing animals, m rodents, or m carnivores Primate 
teeth deal successfully with diversified diets, both veg( table and ani- 
mal In mammals the eves are placed usuallv on the two sides of 
the head, permitting a very broad field of vision (consider the posi- 
tion of the eyes, for example, m a rabbit or m a horse) In most 
primates both e>es are directed forward, as in man This position 
facilitates binocular vision and correct estimation of distances, which 
IS vitally important in animals which dwell among branches of tall 
trees 

Living Helativ es of Man Man resembles the anthropoid apes ( fam- 
ily Pongidae, Table 13 1) m body structure more than any other group 
of animals This family comprises two species of gibbons, living in 
southeastern Asia, orangutan on the islands of Sumatra and Borneo, 
and chimpanzee and gorilla m equatorial Africa Not only do the 
anthropoid apes share vvith man a relatively large size and many de- 
tails of the structure of the brain and the skull, but they approach each 
otht r in posture, in position of internal organs, absence of a tail, and 
in inan> physiological traits, especially those dealing with reproduc- 
tion (menstruation, the position of the fetus m the womb, etc ) The 
differences between the families Homimdae and Pongidae are those 
which are expected between animals which walk erect on the ground 
and animals which dwell among tree branches 
About 140 species of New World monkeys and some 200 species of 
Old World monkevs have been named *1116 number of species is in 
reality onl> a fraction of the above numbers, because of the habit of 
some taxonomists of giving species names to races of the same species 
Nevertheless, a considerable diversity of forms is involved Monkeys 
vary in size from marmosets, which are about as small as squirrels 
to boboons, tvhich are of the size of large dogs Some hrv e long and 
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powerful prclionsilc tails wltlch act as a “tlifrd hind,” but others 
(dwcllmg on the ground rather than In trees) arc tailless 

Tlie pnmatc suborder Prosimh (Table 131) stands between the 
anthropoids on one side and the non pnmatc mammals on the other 
Lemurs and lonses {Figure 33 1) vary in Si7c from tint of a cat down 
to that of a newborn bitten In contrast to motikcjs and apes, they 
have movable and usually large cars, and elongated snouts rather 
than flattened "faces ** Tlieir tads are usually long and bushy but 
not prehensile Lemurs do not menstruate True lemurs are a re 
het group winch is now confined to the island of Madagascar in the 
Indian Ocean off Africa (sec Figure 1212) Their fossil remains, 
however, ocair over much of the Old World and North America A 
cunoiis creature called aje aye (Daiibentonia) has remarkably large 
front Uetli winch resemble those of mice and other rodents, and has 
claws on ad digits cveept the big toes, which have flat nails The 
third finger of each Innd is much longer than the others, the animal 
uses tins long finger to extract insects, on which it feeds, from cracks 
m the bark and similar places 

The spectral tarsicr (Tnr^lHS spectrum, Figure 131) is the only 
living representative of a group of primates which was much more 
common and w idespread m the past, to judge from fossil remains de 
senbed from Eocene strata of Nortli Amenca and Europe The stnic* 
hires of the face lips, and brain of the spectral tirsier make this little 
animal (about the size of a two week old kitten) a connecting link be 
tween the Prosimu on one side and the anthropoids on the other And 
yet the tarsicr shows several features which make him quite unique 
His eyes are relatively larger than in any other primate (it is an ex 
clusively nocturnal animal) and his hind legs are modified to enable 
him to make powerful jumps among tree branches The tarsioids of 
the past may have given xisc to the lemuroid stock on one hand and 
to the anthropoid stock on the other The spectral tarsier is an aber 
rant and greatly modified relic of the pnmitive tarsioids known only 
as fossds Wood Jones has even conjectured that the human stock 
arose directly from the tarsioids, rather than through monkey hke and 
ape hke ancestors This conjecture is far-fetched, and it is mentioned 
only to emphasize the interest of the tarsioids as a group which may 
have been ancestral to other groups of primates 

Even more remarkable than the tarsioids are the tree shrews (Table 
13 1 and Figure 13 1) These animals have a superficial resemblance 
to squirrels, both in size and m general aspect But their body struc 
tures are such tliat some zoologists have placed them in the order of 



325 


Fossil Non^human Primates 

msectivores (to which belong moles, ordinary shreus, and hedgehogs), 
but other zoologists have placed them among the primates Now the 
msectivores are generally considered to be the most primitive order of 
living placental mammals (see Chapter 12), whereas the primates, to 
which we belong, are at or near the lop The tree shrews indicate, 
then, the probable origin of the ancestral primates from ancient in- 
sectivores Tree shrews have claws instead of nails on their fingers 
and toes, which give to their feet a non pnmate-like appearance, but 
their digits have a greater range of movements than those of mammals 
other than primates Their brain is too small for a primate but too 
large for an insectivore, and it shows a considerable development of 
the part of the cortex concerned with the function of vision 
Fossil Non human Primates The fossil record of primates is un- 
fortunately meager As stated above, most primates dwell in tropical 
forests, an environment highly unfavorable for the preservation of the 
remains of living creatures as fossils Furthermore, whatever remains 
are found are usually fragments of bones and teeth It is a difficult 
matter to get from such fragments an idea of what tlie whole animal 
might have been like Because of this difficulty the disagreements 
between different authorities on fossil human and prehuman beings 
are often extreme and rather exasperating to non specialists Never- 
theless, so great is the interest in human evolution that the utmost 
efforts are expended to find fossil evidence, and whatever is discovered 
IS studied in the minutest detail It is not too optimistic to hope that 
much more satisfactory fossil evidence than is now avaihble will be 
forthcoming before very long 

During the Paleocene and Eocene (see Table 121), there existed 
several families of animals, about rat like or mouse-hke in size, which 
had an unmistakable resemblance to modem tree shrews During the 
Eocene, Europe and North America enjoyed tropical climates, and 
among their inhabitants were some tarsioids and lemurs By the 
Oligocene and Miocene, the prosimians disappeared in Europe and 
North Amenca, which became climatically unsuitable Traces of 
them, however, have been found in the Miocene of eastern Africa 
and m the Pliocene abundant remains were preserved on the island 
of Madagascar, where living lemurs are found now 

The most ancient known ape is represented by a fragment of a 
mandible found in the lower Oligocene strata of Egypt to which the 
name Parapithecus has been given In some respects this mandible 
resembles the tarsier, which agrees with the notion that the Anthro- 
poidea arose from a tarsioid stock (Table 131) By the Miocene a 
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variety of ape like animals existed in Africa and in Asia A number 
of fragmentary remains ha\e been dog up in Kenya (east central 
Africa), a small form, called Limnopithccus, may have resembled the 
gibbon (which now lives only in soufhenstem Asia) A larger one 
Proconsul, discovered in 19-18 by Lcake>, may have been an ancestor 
or a relative of the living chimpanzee, but it had certain human fea 
tores which are absent in the chimpanzee A little later, b> the mid 
die md upper Miocene, there lived in Africa, India, and southwest Eu- 
rope (Spam) the fossil apes Dryopitliecus and Sivapithtcus They 
show many similarities with the now living great apes (chimpanzee, 
gorilla, orangutan), and >ct some characters of their teeth adum 
brate those known in fossil men Fragments of a thigh bone and of an 
arm bone suggest tint Dryopitliecus did not have the long and power 
fill limbs which the modern great apes have developed to enable them 
to live m the tropical forest trees The human ancestors probably 
were not as strongly specialized tree dwellers as the modem apes are 
Discov’cry of complete remains of Diyopithecus must be awaited be- 
fore we can judge whether this animal can be regarded as one of the 
ancestors of man 

Man Apes of Soutli Africa It is clear that a large scale adaptive 
radiation of anthropoid primates took place during the Tertiary pe- 
riod, particularly in Africa Some of the most interesting products of 
that radiation lived in the southern part of that continent Exception 
ally abundant, if fragmentary, relics of the animals concerned, coming 
from at least 65 individuals have been discovered in recent years by 
Dart, Broom, Robinson and tJieir collaborators Counting isolated 
teeth, the remains may belong to over 100 individuals Tlie rate of 
discovery has been so high that unprecedentedly abundant material on 
fossil man may soon be accumulated Those fossils have been de- 
scribed under several generic names (Australopithecus Plesianthropus, 
Parantliropus etc ), although it is most probable that the animals of 
which these fossils are fragmentary remains belonged to only one or 
two closely related species of the same genus, Australopithecus 

No agreement has been reached concerning the position of Australo 
pithecus among the primates Some authonties regard it as a peculiar 
ape which had nothing to do with human descent Others and prob 
ably a majority, put it in a special subfamil>, Australopithecinae, which 
has no living representatives, but in which the char ictenshcs of the 
human family (Hominidae) and of the ape family (Pongidae) are 
blended in such a way that it is arbitrary to say whether the Australo- 
pithecmae are to be considered apes or hominoids 
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Man-Apes of South Africa 

Evolutionists of the p'lst, and especially popular wnters, frequently 
spoke of a ‘missing link” between apes and man, the discovery' of 
which was eagerly awaited One school of thought among those who 
study fossil human remains believes that Australopithccmae come 
close to having the skeletal structure which such a link might be ex- 
pected to have had The skull of Australopithecus resembled in ap 



Figure 13 3 A fossil slvull of an aostralopithecine (Pfesieinl/iroptiy fronsuaalerut « ) 
from South Africa (After Ashley Montagu ) 


pearance (Figure 13 3) an ape such as a chimpanzee or a gorilla, the 
volume of its brain is estimated as about 600 cubic centimeters, which 
IS only about half as large as that of man The forehead, however, 
was more rounded and consequently more human like than that of the 
living apes The form of the palate and the teeth are more human 
than ape like In addition, the structure of the part of the skull v\hich 
IS attached to the spinal column shows that Australopithecus had a 
standing bodv posture approaching that of man rather than of an 
ape This is borne out by the structure of its pelvac bone 
Since some of the Australopithecus skulls are found in caves, to- 
gether with remains of crushed bones of other animals and of craked 
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vnncty of ope like animals exists m Africa and in Asia A number 
of fragmentar)' remains ha\c been dog up m Kenya (east central 
Africa ), n small form, called LimnopUhccus, may base resembled the 
gibbon (winch now lues only in soutlicaslcm Asm) A hrger one, 
l\ocons«l, disco\ertd m 1918 b> Leakey, may have been an ancestor 
or a rchluc of the luing chimpin 2 cc, but It had certain human fca 
lures which are absent m the chimpanzee A hllfe later, by the mid 
die and upper Miocene, there lued in Afnea India, and southwest Eu 
rope (Spun) the fossil apes Drynpitliiciis and Sivapithccus They 
show many slmihntics with the now living great apes (chimpanzee, 
gorilla, orangutan), and >tt somt thancters of tlitir teeth adum 
bratt those known in fossil men Fragments of a thigh bone and of an 
arm bone suggest that Dryopithtcus did not have the long and power- 
ful limbs which the modem great apes have developed to enable them 
to live in the tropical forest trees The luiman ancestors probably 
were not as strongly specialized tree dwellers os the modem apes are 
Discovery of complete remains of Dryopithecus must be awaited be 
fore we can judge whether this nmma! can be regarded as one of the 
ancestors of man 

Man Apes of South Africa It is clear that a large-scale adaptive 
radiation of .antluopoid primates took place during the Tertiary pe 
nod, particularly m Africa Some of the most interesting products of 
that radiation lived in the southern part of that continent Exception 
ally abundant, if fragmentary, relics of the animals concerned, coming 
from at least 65 individuals have been discovered m recent years by 
Dart, Broom Robinson, and their collaborators Counting isolated 
teeth the remains may belong to over 100 individuals The rate of 
discovery has been so high that unprecedentedly abundant material on 
fossil man may' soon be accumulated Those fossils have been de 
senbed under several genenc names (Australopithecus Plesianthropus 
Paranthropus etc ), although it is most probable that the animals of 
which these fossils are fragmentary remains belonged to only one or 
two closely related species of the same genus, Australopithecus 

No agreement has been reached concerning the position of Australo 
pithecus among the primates Some authorities regard it as a peculiar 
ape whicli liad nothing to do with human descent Others, and prob 
ably a majority put it m a special subfamily, Australopithecmae which 
Ins no living representatives, but in which the characteristics of the 
human family (Hommidae) ond of die ape family (Pongidae) are 
blended m such a way that it is arbitrary to say whether the Australo- 
pjthecmae are to be considered apes or hominoids 



329 


Java and Pehng Men 

and lips must have projected forward beyond the le\el of the nose 
and the rest of the face The limb bones, however, are very similar 
to those of modem man, making it certain that Homo ercctus walked 
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sliells, Dart and others conclude that Australopithecus was “an am 
iml hunting, flcsli eating, shell craclklng and bone breaking ape “ Cer 
tainly no living ape subsists on such a diet Tlie possibility that Aus 
Iralopithccime were ancestors of mankind is seriously considered by 
some authorities For the time liemg this is only a possilnht) Most 
unfortunately, the geological conditions In which the Australopithc 
cuiac fossils were found make precise detemumlion of their age 
doubtful The) miy extend m time from ns earl) ns the Upper Plio- 
cene to as late ns the Middle Pleistocene, in other words, they miy 
be appreciably older or appreciably younger linn one million years 
If they lived well into the Pleistocene, it would follow tint they were 
contemporaries, rather than ancestors, of early man nobmson be- 
lieves that Australopithecus m fact coexisted with man 
Java and Peking Men Early liominoids which possessed enough 
intelligence to fashion and use stone tools and yet had some unmis- 
takably ape like features hv'cd during tlic Pleistocene (Ice) Age in 
Asia In 1891 the Dutch anthropologist Dubois found the first re- 
mains, a skull cap and a thigh bone, of Java Man, whom he called 
ruhccanthropiis crcctus (ape man walking erect) In 1936 and hter, 
von Konigswakl and others found in the central part of the island of 
Java the remains of two more Java men Between 1929 and 1940, 
Black and Weidenreich found in eaves near Peking China, the remains 
of perhaps as many as forty individuals of Peking Man, which became 
known as Sinanthropus pekinensts Tliese Latin names, however, are 
misleading, since we are dealing undoubtedly not with distinct genera 
and species but merely witli races of a single species of man A bet- 
ter terminology is (according to Mayr) 

Homo erectile erecius = Java Man = fithecanthTopus 
Homo erectus pekinensls = Peking Man = Sinanthropus pekmcnsis 
Java Man lived during the Pleistocene age (first Interglacial to 
second Interglacial times), perhaps some half million or more years 
ago (Figure 134) He was rather undersized by modern standards 
(average height estimated at about 5 feet), and the brain size varied, 
m the known skulls from 750 to 900 cubic centimeters, compared to 
900 to 1200 cubic centimeters in Peking Man and an average of about 
1350 cubic centimeters m modem man The skaill bones are consist 
ently thicker than in modern skulls, the foreheads slope gradually 
backwards from very prominent eyebrow ndges which are continuous 
above the root of the nose The lower 3 aws are large and powerful, 
with large teeth and without a chm This must have made the face of 
Homo erectus markedly prognathous that is, the mandible, front teeth 
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Interglacial ages, and therefore we are giving in Table 13 2 what is 
known as relative’ chronology of various findings of fossil man, ntlier 
than absolute’ chronology (in years) 

In an> case, during the Third Interglacial and the Fourth Glacial 
ages, Europe, western Asia, and north Africa were inhabited by a very 
distinctive Neanderthal race of man (Homo sapiens ncandcrthalensis), 
of which the remains of close to 100 individuals m varying degrees of 
preservation have been found in places ranging from the Atlantic 
coast of Europe to Asia (France, Gibraltar, Italy, Germanv', Jugo- 
slavia, southern Russia, Turkestan, Palestine) 

The Neanderthalnns (Figure 134) were of short stature, about 5 
fett, but of exceedingly rugged build The> h id a stooping posture, 
powerful neck muscles, and massive heads with surprisingly large 
brains— 1450 cubic cenbmeters on the average, that is, as large as or 
larger than m modem man The bones of the skull were thick, the 
brow ridges were large, although not as prominent as in Java Man 
The forehead was retreating and the braincase flattened The lower 
jaw was. heavy, without a chin, but with rather large teeth and with 
attachments for strong muscles which operated the j.aws 
The Neanderthal race attained a relatively high cultural level Al 
though the stone tools which they used were primitive, belonging to 
the Old Stone Age types the Neanderthalnns had a social organizi 
tion which enabled them to hunt large and powerful game such as 
mammoths and the wooll) rhinoceros which at that time inhabited 
Europe There are evidences of religious activities, since their bones 
are found under conditions suggesting ceremonial burial In a Nean- 
derthahan cave in Switzerland an altar has been found on which a 
bear skull was placed 

Emergence of Modem Man Some 75,000 vears ago, while Europe 
was in the grip of the last Ice Age, the Mousterian culture of Neander 
thal man was replaced bv the Aurignacian culture, and the Neander 
thalian inhabitants b) another race, which, to judge from its bones 
was like the modem man— Homo sapiens sapiens Tlie Aurignacian 
stone tools are more expertly made than the Mousterian ones, the 
makers, named Cro M ignons from the cave in which the first remains 
were discovered were fine physical specimens up to 6 feet tall and 
with brains up to 1650 cubic ctnbmelers in volume (Figure 134) 
There is of course no wa> to tell what they were like in such external 
traits as skin color and hair shape Some of the remains in southern 
Europe yield measurements which can be matched m the skeletons 
of certain living Negro populations in Africa, but it does not follow 
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Ncandcrtlnl Men Europe and Nortli Americn ofFered some very 
liarsh environments during the Pleistocene Age Four times enormous 
ice sheets co\crcd large parts of these continents, making climatic 
conditions perhaps not unlike those nenv found in Greenland The 
four let Ages uere separated by warmer interglacial times (Table 
13 2) We are living during what may pro\G to be the Fourth Inler- 

lAHLb 13 2 

Ri LATH F Cnnosouoor OF Human Piii^ucai. and Cultukal E^ olution duiuno 
T iir IcF \ar 


(After \ nllois and Momiis Oaklet l/cGros Clark and other sources ) 


Time 

Fossil lliinmn Races 
and S|)ccies 

Cultures (m Europe) 

Modern 

Races of sapiens 

Histone 

Fourth Glacial O'Onn) 

Cro<Magnon and relatnes 

NeohtliK. (New Stone 
\ge) 

Mesolithic (Aliddle 
Slone Vge) 

Magdalen lan 


Ncaiiiiertlial 

Solulrcan 

Aurignacian Ferigordian 
Moiistermn 

Third Interglacial 

Mount Carmel 
Neanderthal 


FontecliesAde 

Ehringsdorf 

Stemheim 

I^Nalloisian 

Third Glacial (Hiss) 

Acheuhan Clactonian 

Second Interglacial 

Peking Man(^) 
Swanscombe 


Second Glacial (Mindel) 

Peking Man 

Ja^ a Alan 

Peking Man(?) 

Clactonian, Abbevillian 

First Interglacial 

Ja\ a Man 

Jai a Man Auslralo- 
pithecus(?) 
AustralopiUiecusf?) 

Abbevillian 

First Glacial (Gunz) 

Yillafrancliian 


glacial Age Concerning the duration of the Pleistocene Age and of 
its glacial and interglacial stages, specialists are not in agreement 
One school ( Milankovitch and Zeuner) thought that the Pleistocene 
might have been about 600,000 years long, and that the Fourth 
(Wurm) glaciation lasted from about 125,000 to about 20,000 years 
ago Now it seems more probable (according to Movius, Flint, and 
others) that the Pleistocene was perhaps one million years long There 
are as yet no definitiv e estimates of the dates of the various Glacial and 
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Interghcnl “iges, nnd therefore we are giving in Table 13 2 wint is 
Icnoun as ‘rehtwe chronology of various findings of fossil man, rather 
than absolute” chronologv (in years) 

In any case, during the Third Interglacial and the Fourth Glacial 
ages, Europe, western Asia, and north Africa were inhabited by a very 
distinctive Neanderthal rate of man {Homo sapiens ncondcrthalcnsis) , 
of which the remains of close to 100 individuals in varying degrees of 
preservation have been found m places ranging from the Atlantic 
coist of Europe to Asia (France, Gibraltar, Italv', Germanv, Jugo- 
slavia, southern Russia, Turkestan, Palestine) 

Tile Neanderthalians (Figure 134) were of short stature, about 5 
feet, but of exceedingly rugged build They bad a stooping posture, 
powerful neck muscles, ind massive heads with surprisingly large 
bnms— 1450 cubic centimeters on the average that is, as large as or 
larger than in modern man The bones of the skull were thick, the 
brow ridges were large, although not as prominent as m Java Man 
The forehead was retreating, and the br uncase flattened The lower 
jaw was heavy, without a dun, but with rather large teeth, and with 
attachments for strong muscles which operated the jaws 

The Neanderthal race attained a relatively high cultural level Al- 
though the stone tools which they used were primitive, belonging to 
the Old Stone Age types, the Neanderthalians had a social organiza- 
tion which enabled them to hunt large and powerful game such as 
mammoths and the woolly rhinoceros which at that time inhabited 
Europe There are evidences of religious activities since their bones 
are found under conditions suggesting ceremonial burial In a Nean 
derthalian cave in Switzerland an altar has been found on which a 
bear skaill was placed 

Emergence of Modern Man Some 75,000 years ago, while Europe 
was m the grip of the last Ice Age, the Moustenan culture of Neander 
thil man was replaced by the Aungnacian culture, and the Neander- 
tbahan inhabitants by another race, which, to judge from its bones 
was libe the modem man— Homo sapiens sapiens The Aungnacian 
stone tools are more expertly made lh<an the Moustenin ones tlie 
makers, named Cro Magnons from the cave m which the first remains 
were discovered, were fine physical specimens up to 6 feet tall and 
with brains up to 1650 cubic centimeters m volume (Figure 13 4) 
There is of course no way to tell what they were like in such external 
traits as skin color and hair shape Some of the remains m southern 
Europe yield measurements which can be matched m the skeletons 
of certain living Negro populations in Africa, but it does not follow 
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tint these early Europeans were Negroes in appearance or, even less, 
in culture Anymy, from the Aurignacian Pengorclnn times on, 
Europe and probably the rest of the world as well, was inhabited by 
Homo sapiens sapiens 

Where did modem man come from? Where did he first arise? The 
problem is very complex, speculation concerning it rife, and no con 
vincing solution is >ot in sight Some students have conjectured that 
modern man developed in Africa, others that he came to Europe from 
Asia, and destroyed the Neanderthalian natives According to some 
authorities, Europe had some human inhabitants who resembled mod 
ern men during the second inlcrglacnl period (350,000 or more years 
ago), before the appearance of the Ncandcrtlnlians Very few re 
mams of this hypothetical race have been found, and those which h<ive 
come to light arc fragments not easily mterpretable The skull frag- 
ments found at Fontcchcvade m France, at Swanscombe in England 
and at Stcinhcim and at Ehnngsdorf m Germany may have been rather 
sapiens like, despite their great age It looks as though there lived 
m Europe during the middle of the Ice Age a race rather like our- 
selves and yet not ancestral to us Some evperts, in a kind of despera- 
tion, regarded all fossil hommoids, except the Cro Magnons and more 
recent races, as collateral branches of the human family tree, which 
became extinct without contributing to the direct ancestry of modem 
man This makes the origin of modem man more puz^hng than ever 

Light IS shed on this problem by the work of McCown and Keith 
(1939), who studied a fine senes of human remains found in the 
caves of Mount Carmel in Palestine These people lived at about 
the same time that Europe was inlhabited by the Neanderthahans 
But the dwellers of Mount Carmel range in physical type all the way 
from indubitable Neanderthahans to more sapiens like indivaduals 
The most reasonable explanation of this is that Palestine formed, at 
that age (probably the third Inlerglaoal), the geographic boundary 
between the Neanderthal race {Homo sapiens neandcrthalcnsis), 
which lived to the northwest, in Europe, and a more nearly modern 
race {Homo sapiens sapiens) which lived perhaps farther southward, 
in Africa The inliabitants of Palestine were, then, either hybrids be- 
tween the two races, or else they were an intermediate population of 
a kind usually found at race boundaries (see Chapter 7) 

In either case one thing that is certam is that the Neanderthahans 
belonged to the same species as ours The replacement of the Nean 
derthalians bv the Cro Magnons m Europe may have occurred partly 
by destruction and partly by hybridization with the incoming race, 
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which possessed a superior technology Coon and other anthropolo- 
gists are probably right that some modem European populations show 
persistence of genes derived from the Neanderthahans In like fash- 
ion, within the last few centimes the white race has displaced the 
red skinned men in the Americas and the blackfellows m Australia 
It IS possible that the Neanderthahans themselves had, at a much 
earlier time, displaced the Svvanscombe and similar populations which 
had inhabited Europe before them 
The cultural development of the Cro-Magnons and other related 
races who soon appeared m Europe was superior to that of the Nean- 
derthahans, which might explain the rapid replacement of the latter 
by the former The Cro-Magnons and their relatives fashioned more 
€fficHnt stone tools, they probably knew the use of the how and of 
harpoons Most remarkable of all, they have left superb drawings 
of animals on the walls of the caves which thev inhabited (Figure 11) 
The artistic feeling which these drawings display is admired even 
by modem man 

Specific Unity of Mankind It is important to keep m mind that 
new species do not arise m any single place but in large territories 
(except polyploid species, see Chapter 9) A species is a Mendelian 
population which lives in a more or less extensive area and which grad- 
Uiilly alters its genetic composition Students of fossil man have a 
habit of giving resounding Latin specific and generic names to almost 
every bone fragment which they discover, which conveys the mis 
t iken impression that there existed m the past many diffr rent man like 
species and genera Weidcnreich hovx ever, has pointed out that when 
the remains of human or prehuman forms which lived more or less 
simultaneously are compared the differences between them are only 
of the order of those found between the now living human races (see 
above) There is no fossil evidence of the existence at anv one time 
of more than a single human or human like species, except, possiblv, 
in the case of the Australopithecinae (see above) M mkind preserved 
Its specific unitv throughout its evolutionary development during the 
Pleistocene times, although it always was, as it still is, subdivided into 
races Human ev olution never led to differentiation of a single species 
into a group of derived species, some of which might have become 
lost and others survived Mankind was and is a species which evolves 
as a hodv 

An> living species, race, or population tends to expand in numbers 
as soon as it encounters favorable environment In doing so a popu 
latinn often overflows into neighboring territories occupied by other 
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populations, and the immigrants usually intcnmrry with the natives 
If the genotype of the immigrants is adaptively supenor to that of 
the natives, the population resulting from the mixture tomes to re 
semble the former immigrants Our species, 7/onio sapiens, evolved 
from its ancestors, Homo crectus, and perhaps other species as >et un- 
discovered, in an extensive territory, comprising pcrliaps most of the 
Old World Evolutionary improv'cments, that is new and adaptively 
superior genotypes, arose from time to time m various parts of this 
temlory The populations in which these improvements arose ex 
panded and transmitted tlieir advantages to more widespread popula- 
tions Where two genetic improvements met, new populations of still 
superior adaplcdncss were formed, and expanded m turn 
To ask vvlicre Homo sapiens first appeared is therefore meaningless 
Races and local populations arc evolutionary trial parties which ex- 
plore the various possibilities of adaptation The gene pool of the 
now living mankind contains genetic elements which were present in 
many and perhaps in all major populations of the past 
Development of tlic Brain as the Moving Force of Human Evolu 
tion However incomplete our knowledge of luiman ancestry, there is 
scarcely any doubt that the development of brain power, of intelli 
gence, was the decisive force m the evolutionary process which cul* 
minnted m the appearance of the species to which we belong Natural 
selection has brought about the evolutionary trend towards increasing 
brain power because brain power confers enormous adaptive advan 
tages on its possessors It is obviously brain power, not body power, 
which makes man bv far the most successful biological species which 
living matter has produced Tlie unprecedented and unparalleled 
success of man as a species has led to an increase in the numbers of 
living individuals from perhaps some hundreds of thousands during 
the Ice Age to about two and a half bilbon at present Man has 
spread and occupied all continents and major islands except, perhaps 
the interior of Antarctica He has destroyed or reduced to insignifi 
cance other organisms vvhidi were his competitors, or which preyed 
on him as predators or parasites He has domesticated many animal 
and plant species, made them serve his needs and changed them 
genetically to improve their serviceability to him Finally, man is m 
the process of the acquisition of knowledge which may permit him 
to control his own future evolution 

The human skelecon and particularly the skaill, underwent many 
changes during the evolutionary transition from ape-Iike ancestors 
(such as the Australopithecinae) to modern man At first sight some 
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of these changes, such as those in tiie shape of the skull, the presence 
of brow ridges, or in the presence or absence of a chin, may appear 
fortuitous and without meaning Actually, careful comparative anal 
ysis of these traits m different races and species shows that most of 
them are part and pared of the basic trend— the development of the 
brain To quote Weidenreich One of the most impressive experi- 
ences a student of human evolution can have is to realize the extent 
to which all the smaller structural alterations of the human skull are 
correlated with and depend upon each other, and the extent to which 
thev are governed by the trend of the skull transformation as a 
w hole ” 

Examples shown in Figures 135 and 136 illustrate what is meant by’ 
such correlations The brain of an Insh wolfliound a large dog breed, 
is onlv about twice as heav'y as that in the King Charles spaniel, the 
weight of the body, however, is about ten times greater m the large 
than in the small dog In other words, a small dog Ins a relativclv 
much larger brain than a large one The relatively large brain can 
be accommodated in the small skull only by reducing the parts other 
than the brain cavity According to Weidenreich, transitions between 
the gorilla skull, that of Java Man, and that of modem man entail 
changes strikingly parallel to those found in large and small dogs 
Of course man is not strikingly smaller than the gorilla in body size, 
but his brain is both absolutely and relatively larger A greater size 
of the brain does not necessarily prove a higher intelligence Among 
liv mg men the brain size \ anes greatly and there is no strict relation 
between its size and intellectual capacity Among the great w’riters 
the brains of Jonathan Swift and of Ivan Turgenev measured about 
2000 cubic centimeters each, while that of Anatole France was only 
1100 cubic centimeters m volume This does not contradict the fact 
that groups of animals with larger brains show a higher intelligence 
on the average 

The trend towards increasing brain size has played an important 
role in the evolution not of man alone but of the whole primate order 
The sequence of forms beginning w'lth the tree shrews and going to 
other prosimians monkeys, apes, and man, is characterized above all 
by a growth of the brain and of intelligence There have been other 
evolutionary trends among the primates interacting with the brain de- 
velopment Washburn (1951) regards the achievement of erect pos- 
ture and of efficient bipedal locomotion a critically important stage of 
human evolution To be able to walk and to run on the ground, in- 
stead of climbing on tree branches, our ancestors had to modify theu- 
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pan7ee E Australopithecus F Ja>a man G Neanderthal man H Cro Magnon 
man (From Colbert ) 
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pelvis bones nnd the muscviHturc attached thereto, as well as their 
thigh, leg, and foot bones and muscles 
The use of the arms for hnudlmg objects TAther than for walking 
was stimulated by the developing brain, and has in turn stimulated 
further progress in intelligence Living in the crowns of tropical 



Figure IS 6 On the left Comparison of slcuUs of large (A) medium sized (B) 
and small (C) breeds of dogs On the right Skulls of male gonlla (A) Java 
man (B) and modem man fC) The brain easaties arc shoum shaded Tlic 
three dogs skulls are drawn to the sarne scale and so are tin tliree antlrropoid 
skulls IFiom Weidemcith coviTtcs> of the kJmseisily of Chicago Press ) 

forest trees has made the primates rely more on good vision, rather 
than on the sense of smell which is paramount in most other mam- 
mahan orders, and to rely on speed, agility, and cunning, rather than 
on concealment, for protection against their enemies This condition 
not only led to changes m the skull, making the eyt s look forward in- 
stead of laterally, but also necessitated the development of the parts 
of the btavn concerned with vision Although the ancestors of man 
at some time abandoned the trees and the tropical forests and became 
animals walking on the ground and living m more and and treeless 
terrain, they have kept their good vision and turned it to other uses. 
Such, as fashioning of tools 
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The Ihimnnity of Man It ts hard to tell at wJiat point in the evo- 
lution of the hommold stock the prehuman animal became a human 
being To some extent this is a matter of definition of ulnt consti 
tutes a “human being According to Lc Gros Clark (1953) the 
segregation of the family Hominidnc (including Australopithecmac) 
from the ape family (Pongidae) occurred m the Miocene ten or more 
million years ago Tlic most ancient and primitive tools (eoliths) 
appear at the transition from the Phoccnc to the Pleistocene periods 
in Europe However, the colitlis ore so much hko ordinary stones 
tint their nature is a matter of controversy Unmistakable stone arti- 
facts date from early to middle Plefstocene, perlnps close to a million 
years ago, and more than 100,000 years ago expertly made tools were 
available 

^fa^ Is not simply a very clever ope, but a possessor of mental ahiU 
tics which occur m other animals only in most rudimentary forms, jf 
at all Many animals utter sounds ns warning signals or as mnmfesta 
tjon of emotions A dog may bark, howl, groul, and uhme m many 
different ways, the meaning of which may be comprehensible to his 
master and to other dogs and human hemgs Put only man uses words 
to express concepts or to designate categories of objects or acts A 
word, after ail, is a noist which the human hrvnx and mouth arc able 
to produce Hut to become a word this noise must be invested with 
a conventional meaning Thus the sounds of llie word “table” are m 
no way descriptive of the object tbev denote, thev become so b> 
virtue of a certain group of people having learned to associate them 
with definite objects Furthermore, the use of sounds for objects in 
volves abstract thinking “table” means not only an individual piece 
of furniture but many and diversified pieces havang certain properties 
m common 

Cultural Heredity Man has developed cultural hereditv or cuUure 
There are several definitions of culture One of them is “The total 
life waiy of a people, the social legacy the individual acquires from 
his group Or culture can be regarded as tint part of the environ- 
ment that IS the creation of man” (Kluckhohn) The essential thing 
about culture is that it has to be acquired by each individual by 
learning from others, it is not transmitted from parents to offspring 
through the sex cells as is biological heredity For example, nobody 
js born able to speak, read, and write an) language Children have 
to be taught speaking, reading and writing 

And vet human infants are born able to perform the complex senes 
of muscular movements needed to obtain milk from their mothers 
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breasts This js a biologicall> inherited behavior pattern, an instinct 
Many animals ba\e vonderfullv complex and efficient bebaxnor pat- 
terns of courtship, copulation, and care of offspnng These behavior 
patterns need not be learned They are set b> the genes Of course 
cultural and biological hereditj are not isolated from each other, the y 
constantl) interact For example, although we have to learn reading 
and vsTating the ability to learn is genotypic The human sexual 
drive, though instinctive at base, is overlaid vvnth so great a mass of 
culturally acquired conditionings and elaborations that it is chiefly 
non genetic in its manifestations 

Culture IS acquired, and lihe all acquired traits it is not transmitted 
through genes in the sex cells fhis mav at first glance seem to 
diminish the adaptive effectiveness of culture In reality the opposite 
IS true culture is a powerful means for controlling human environ- 
ments cxactlv because it is not biologicallv inherited We inherit our 
genes onlv from parents and other direct ancestors We transmit 
them onlv to children and to direct descendants There is no vviy to 
transmit our genes to even the most dearlv beloved fnends The 
biological heredity of populabons can be changed only by the rela- 
tively slow process of breeding and selection By contrast culture 
can be transmitted to any number of contemporaneous individuals or 
to future generations, regardless of biological descent or relationships 
The founders of great religions, scientists, inventors, poets, philoso- 
phers and men of action have influenced the cultural heredity of 
mankind for many generations and perhaps forever Cultural evolu- 
tion IS vastly more rapid and efficient than biological evolution (see 
further discussion of this in Chapter 11) 

Because of the great efficiency of the transmission of culture, man 
has been able to master an immense variety of environments Or- 
ganisms other than man become adapted to their environments by 
changing their bodies and their genes by the relabvely inefficient 
process of natural selection Man alone adapts himself, in a large part, 
bv actneh or even deliberatelv changing the environment, and bv 
inventing and creating new environments 
He uses his immense powers to modify the environment not always 
wisely, but on a scale so grand that he has become an important not 
only biological but also geological agent He has plowed up the sod 
and changed it bv destruction of forests and other vegetation The 
adaptive advantage of the ability to acquire even the most rudimen 
tan forms of culture must have been so great in the early stages of 
human evolution that natural selection rapidly propagated the geno 
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types winch permitted the ncqubition of culture throughout the human 
species Tlic gene controlled capacity to learn, absorh, and use new 
tcclunques and tools was, then, dcxcloped, intensified, and diffused 
hy moans of biological csolution, making our species more and more 
human 

Rudiments of Cultural Transmission among Animals Human intel- 
lectual abilities seem (o be not only quantitatively but also qualita- 
tivcl> different from thost of animals other than men It is important, 
therefore, to demonstrate that rudiments of these specifically human 
abilities can be found in certain animals Natural selection found in 
the ancestors of our species the raw materials from which the present 
genetic endowment of mankind was compounded 

It can easily be observed that, at least among mammals and birds 
the offspring acquire certain behavior patterns b> imitation and leam 
mg from llieir parents Wolves and cats instruct tlieir young m bunt 
mg techniques But all this does not necessarily result m the forma 
tion of learned tradition comparable to human culture In animals, 
the individuals of one generation transmit to those of the next what 
they themselves learned from Uicir patcnts-~not more and not less 
Every generation learns the same thing which its parents have learned 
In only v er> few instances the evidence is conclusiv c that the learned 
behavior can he modified or addevl to, and that the modifications and 
additions arc transmitted to subsequent generations 

Promptov, Sick, and others found that some details of the song of 
some birds vary m different local races, and that young birds leam 
them by imitating then parents and other birds in the neighborhood 
(The ability to produce certain notes is, of course, a genetic trait of 
each bird species, just as the ability to leam to read is a genetic trait 
of the human speaes ) Three populations of the chaffinch, near 
btuttgart, Germany, each live m a definite neighborhood, and differ 
in the calls which males utter m their breeding territories One of 
these populations is confined to a certain large park, which is known 
to be about 300 years old It is probable that tlie special “dialect” 
of Uie ebaffinebes in tlus part has evolved witlun this period of time 

A spectacular instance of development of a “custom” has been ob 
served in the kea parrot {Nesfor noiabibs) in New Zealand At some 
time late m the last century the kea started to attack and kill sheep 
and rapidly became a serious pest and an economic problem Until 
the arrival of the white man, New Zealand had no sheep and no 
animals of similar size and character, the sheep killing is a new habit 
winch has spread among the tea parrots by imitation and learning 
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According to Lncl, the finch Camarhijncbns palhdus on the Gnlapigos 
Islands uses a cactus spine which it carries m its beah to poke into 
crevices of tree bark to get at msicts on which it heds This animal 
IS, then, using a primitive ‘tool’, it w'ould be interesting to ascertain 
whether this tool using habit is acquired young birds by a process 
of learning and whether it can be modified 

Brilliant experiments of von Frisch have showai that honey bees 
have a ‘language which, as recently pointed out by the anthropolo- 
gist Kroeber, involves the use of some genuine symbols, which other- 
wise arc known for sure only in man A bee which has located a 
source of food returns to Uie hive and performs a special “dance, 
which imparts to the hive mates information concerning the direction 
from the hive where the food is to be had The movements of which 
the dance is composed indicate the direction m a purely symbolic 
fashion 

Insect Societies Allec (1951) and Ashley Montagu (1950) mam 
tain that all animals are social to some extent Indeed, even the re- 
lationships between the sexes and between parents and offspring in- 
volve some cooperation ( protocooperation’ according to Allee) and 
social behavior Some animals however live m complex and highly 
organized societies Most monkevs and apes are social ammals, thev 
hvo m bands or herds, warn each other of approaching danger, an- 
nounce the finding of food, etc U is probable that the developniinl 
of cooperation m the social life of prehuman primates was quite im- 
portant in the Origin of human mental abilities 
Apart from man, the most highly organized societies occur not 
among mammals or birds but among insects— wasps, bees, and espe- 
cially ants and termites The study of the social life of these insects 
has yielded some of the most fascinating stones which biology has to 
offer Ants and termites live m colonics which may consist of many 
thousands of individuals A colony builds a nest, often of elaborate 
and species-specific architecture hood is collected and stored m 
special chambers Larvae md different classes of adults may be pro 
vidtd With different diet Some species of ants engage m “agriculture” 
— thf y collect pieces of leaves, store them m their nests seed tliem w ith 
spores of special fungi harvest the fungus growth when it reaches a 
certain degree of maturity, and use it for food Ants and termites 
often have in their nests other kinds of insects or other animals which 
sfind to their liosts in a relation analogous to that of domesticated 
uiimals to man Some of these guests of the ant and termite nests 
ire unable to Use independent lives since they ire fed and cared for 
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b> their hosts The benefits which the hosts derive from their clnrges 
sometimes appear far-fetched, for example, some ant guests produce 
odoriferous secretions which the hosts hek ith av idity 
Most remarkable of all is the division of labor between the different 
kinds, or ‘castes, of individuals in ant and termite colonies (Figure 
137) A colony of ants has one or more ' queens and kings,’ which 
are females and males whose business is reproduction and who arc 
fed and cared for by the workers Workers are sexually underdexel 
optd females who collect food and build the nest, soldiers, also under- 
developed females, who take care of the defense from outside inva 
sions, and such curious castes as door keepers with heads fashioned 
into plugs to close the nest entrances, and living barrels, with enor 
mouslv swollen abdomens in which certain provisions are stored All 
members of a colony show complete unselfishness and devotion 
to the common good 

Innate and Learned Behavior In describing insect societies, it is 
hard to avoid expressions like ‘ unselfishness and ‘devotion, bor- 
rowed from the human social and ethical vocabulary We must, how 
ever, beware of the fallacy of anthropomorphism, which ascribes to 
animals human motivations and emotions Yet some biologists have 
again and again tendered the quaint advice that human societies 
ought to be reformed to emulate the virtues” of insect societies How 
nice it would be if our society were organized for the benefit of all, 
if every person was an expert m some useful function and performed 
It to the best of his ability, and if all men were heroes ready to sacri- 
fice themselves for mankind! 

Such counsels are naive, because the behavior of social insects is 
innate or instinctive, and is fixed by heredity, human social behavior 
IS learned from others or devised through reasoning and choice It 
IS important to realize the implications of this distinction 

Innate behavior is a wonderful mstniment which efficientlv serves 
the needs of the species m the environments in which this species 
normally lives The behavior of an insect building a nest or arranging 
things for its progeny ippears highly competent and wise Most im 
portant their behavior needs not to be learned Among the marvels 
of ant and termite societies one thing is conspicuously absent No 
where is there a school for the young workers or soldiers’ An ant just 

Figure 13 7 Specialized indiMduals (castes) in ants A soldier, B worker C 
a winged male D a female who has lost her wings of Phcidoh tmtabihs E a 
replete or honev barrel of A/iyrmecocystus horfidtoriiin F a soldier door keeper 
of Colobopns etiohla and G its held in front \iew (After Wheeler, redrawn ) 
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Jntclicd from n pupa, or fust having reached a certain stage of its 
tltaelopmcnf, is fust as expert at performing its uorlc as it will be after 
having done tli/s uork repeatedly By contrast, human infants are 
utterly liclpless and must undergo prolonged training and education 
before they can lalvc care of themselves and become useful members 
of society In no other animal Is this period dunng which the young 
require protection and care so long as in man But during this period 
the young absorb the accumulated cultural experience of tlic human 
species, dity need not loam things only by trial and error or maJ^e 
all the mistakes and discoveries which others have made before them 
However time consuming may be the individual apprenticeship, a. 
very much longer process of cultural rlevclopmcnt is telescoped m 
the upbringing and education (see Chapter 14) 

Tliere is an all important linutation to the apparent wisdom of 
inn Uc behavior it may no longer function to the advantage of cither 
the individual or the species m new environments, which the species 
has seldom or never encountered in the past The classical crperi 
ments of Fabre (IS23“1915) illustrate well the ngidity of instinctive 
behavior One example will sufllcc here Tlie mason bee (Chalico- 
doma) constructs pot shaped cells from pellets of clay, fills tlicm with 
honey and pollen, deposits an egg on these provisions which the larva 
hatclung from the egg will cat, and finally seals the opening of the pot 
with a clay cover While the bee is in the process of constructing 
the cell, she notices and repairs any damage which the construction 
suffers As soon as the budding is finished and tlie insect begins to 
collect the provisions, repairs ore no longer made- Fabre made in 
a cell a liole through vvhicli the lioney then escaped Tlie bee went 
on trying to fill the bottomless barrel Similarly, while the provisions 
are bemg collected, the insect removes and throws away any extraneous 
particles that may happen to get into the cell But when tlie egg is 
laid and the opening is to be sealed, it is sealed regardless of die pres- 
ence of conspicuous debris on the surface of the food 

This does not mean that instinctive behavior is absolutely fixed In 
nate behavior patterns, like other traits determined by the genotype, 
can be modified within certain limits by the environment As always, 
the genotype determines the norm of response to the environment 
Environmental vanations vvhicdi the species often meets evoke modi- 
fications of the innate behavior patterns which are, as a rule, bene- 
ficial to the organism For example, the drive which makes birds of 
a given species migrate in spnng and m autumn to different countries 
IS innate, and is released by a physiological mechanism of a hormonal 
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nature But the birds do adjust their wanderings to some extent to 
weather condibons. Similarly, ants can use a certain range of mi 
ternls for the construction of their nests and adjust the shape of tlie 
nest to local conditions Innate behavior, however, is less plastic and 
less versatile than learned behavior 
Human Diversity Man inhabits all parts of the world and all 
climes He is consequently exposed to a great variety of environ 
ments Moreover, he uses his ingenuity, his technological competence, 
to invent ever new environments Consequently, environments in 
which mm live change rapidly with time To be sure, the diversity 
and changeability of human environments are due chiefly to cultural 
rather than to physical causes The physical environments m which 
men live an , in fact, becoming progressively more standardized The 
clothing which men wear, the houses in which they live, artificial heat- 
ing, lighting, and assured food supply make the physical environments 
perhaps more uniform now than they were during the formative period 
of the biological evolution of our species 
Quite the r« verse is true of social and cultural environments Here 
the diversity is enormous and ever increasing Even m primitive 
societies there is a division of labor among their members Some indi- 
viduals gather or produce food, others make implements and vessels, 
still others act as priests, witch doctors, or leaders In advanced 
societies the functions to be performed are not only highly diversified, 
but new ones constantly appear and the old ones vanish Finally, 
every individual performs different functions as a child, an adolescent, 
an adult, and an old man or woman 
We know that a living species adapts itsi If to diverse and variable 
environments b> two methods (Chapters 6 and 7) First, a vanety of 
genotypes is produced, each specialized to fit a certain part of the 
available range of environments Second, genotypes are evoUed which 
permit their possessors to adjust themselves successfully to a certain 
spectrum of environments by homeostatic modification of the pheno- 
type The first method involves genetic specialization, the second 
emphasizes the adaptive plasticity of the phenotype 
The first method of adaptation makes the inhabitants of different 
regions of the earth div erge genetically and form allopatric geographic 
races It also makes people living m the same region genetically di- 
versified, and causes genetic variation between individuals and poly- 
morphism m human populations The second method makes people 
able to adjust themselves to circumstances Human plasticity and 
educability make it possible to have most normal human beings trained 
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to perform competently whatever functions the society may need to 
Inve ministered to, although some persons may be genetically condi- 
tioned to succeed in the performance of some functions more than of 
others (see Chapter 14) 

Classification of Human Races Tlic fact lint human populations 
of different countries arc visibly and genetically different is, then, a 
reflection of the diversity of environments in these countries Human 
races have developed through the adaptation of human populations 
to their surroundings 

It his, liovvcvtr, been shown in Chapter 7 that the number of races 
w’hich one chooses to recognize in a species h> giving them names is 
largely a matter of convenience It is not surprising, therefore tint 
different aullioritics have held widely divergent opinions concerning 
the number of Imman races 

Perhaps the simplest division of the human species is in three 
major races Negroid, Mongoloid, and \Vliilc or Caucasoid Negroids 
have dark brown to black skins, fnzzly or kinky hair, broad flat noses, 
and usually thick lips In Mongoloids the face is flattened hair straight 
and coarse, nose flat at the root and with moderately spread nostrils 
Whites have usually, though not aivvay's, pale skin, narrow and often 
long noses, and straight, wavy, or curly hair By distinguishing the 
natives of Australia from the Negroids, the pre Columbian inhabitants 
of tlie Americas from die Mongoloids and the inhabitants of the 
South Sea Islands, from Hawaii to New Zealand, which are hard to 
place in the three race scheme, vve arrive nl the following six races 
(1) Negroid, (2) Mongoloid (3) White or Caucasoid, (4) Australoid 
(5) American Indian, and (6) Polynesian 

The SIX race scheme obviously fails to do justice to differences easily 
observable among human populations For example, the white race 
of this scheme includes people ns different as the predominantly blond 
northern Europeans, the brunet Arabs, and the tawmy Hindus Very 
naturally, anthropologists attempted to split the races further and 
further in the vain hope of making them more uniform and more clear- 
cut The result has been a useless multiplication of racial names The 
dividing lines between the small races are often completely blurred 
by the intermarriage and gene exchange which have been going on 
for centuries and millennia and are becoming more and more frequent 
as time goes on Moreover, no classifications satisfactory to all anthro 
pologists has been arrived at different authorities have proposed 
different numbers of races 

A reasonable proposal made m 1950 by three outstanding American 
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anthropologists, Coon, Gam, and Birdsell, recognizes thirty races, 
listed in Table 13 3 and Figure 138 Without attempting to describe 
the rices m any detail, some interesting feitures of this cl issification 
deserve to be mentioned 

In the first phee, Coon, Girn, and Birdsell chim no finality for their 
thirty race clissificition They recognize that rice is not a static but 
a dynamic entity Old rices may disappear, either because human 
populations may die out or because races may merge together o\Mng 
to frequent intermarriage New races are formed bv selection, hybridi- 
zation, and genetic drift Some of the races listed in Table 13 3 did 
not exist a thousand years ago, others were relatively more numerous 
than now, many have become distributed more widely, while some 
have contracted the areas of their habitation Thus the Murrayian 
race in Australia (1) and the Amu race (2) m eastern Asia are on 
the verge of extinction or of being engulfed by intermarriage with 
other races Both these races showed high frequencies of heavy brow 
ridges, large teeth and thick skull bones, which ire traits often met 
with in early human races and species known as fossils (see above) 
Lapps (6), Negritos (9), Bushmen (10), Carpentanans (13), nnd 
Dravidians (14) may also be engulfed by the more numerous races 
near whom thev live 

On the other hand, the beginnings of the formation of the races 
(19), (20), (28), and (30), Table 133, date back only some centuries 
The North American Colored race (19) is a result of admixture of 
genes of European origin, and of some Amenc m Indian genes in the 
gene pool formed by a mixture of several races native to Africa An 
analogous population is South African Colored (20) which arose by 
hybridization of races (10) and (11) with immigrants from western 
Europe The I adinos (28) are a series of populations which exist 
as castes or classes in some Latin American countries, they arose by 
hybridization of the immigrant Mediterraneans (17) with the native 
Indians (27, some 26) and, in places, some Negroes Finally the 
NeoHawaiians (30) are a very recent population arising from hv 
bndization of the Polynesian race (29) with migrants from various 
parts of Asia, America, and Europe 
These new races are biologically no less real than the old ones 
which have contributed to their formation No race of a sexual and 
cross fertilizing species ever consists of genetically identical indi 
viduals It cannot be too often emphasized that pure races exist 
only in asexual organisms and are figments of the imagination as far 
as man is concerned Gene exchange between races of a sexual spe- 
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TABLE 13 3 


Racial CLASsiFicmoN of SIankind according to 
Coon, G\rn \nd Biudsfli, 


Name of the Race Countrj of Origin or Rt^.ulence 


1 Murray lan 

2 Amu 

3 Alpine 

4 Nortlmest European 

5 Northeast European 
G Lapp 

7 Torest Negro 

8 Melanesian 

9 Negrito 

10 Bushmen 

11 Bantu 

12 Sudanese 

IS Carpentarian 

14 Dra\ idian 

15 Ilamite 
10 Hindu 

17 Mediterranean 

18 Nordic 

10 North American 
Colored 

20 South African 
Colored 

21 Classic Sfongoloul 

22 North Chinese 

23 Southeast Asiatic 

24 Tibeto Indonesian 
Mongoloid 

2a Turkic 
20 American Indian 
Marginal 

27 American Indian 
Central 

28 Ladino 

29 Poljnesian 

30 Nco Hawaiian 


Aboriginal population of southcistern Australia 
Aboriginal population of Japan 
Central Europe to sscstern Asia 
Nati\e m nortliem and western Europe now norld- 
uide 

Russia and Poland 
Northern Scandinavia 
M eslcm Africa and Congo 
New Guinea to Fiji and New Caledonia 
Enclaves in Africa Philippines New Guinea, Anda- 
man Islands 

Aboriginal population of South Africa 
East and South Africa 
Upper Nile Sudan 

Aborigines of norllu rn and central xVustraha 
Aboriginal population of southern Inilia 
East Africa and Sudan 
India 

Southern Europe North \frica NeirEast 

Northern and western Europe 

The colored ’ population of United States 

The ‘ colored population of South Africa 

Eastern Siberia Mongolia Korea Japan Eskimo 
Northern an<l central China 
Southern China Siam Indonesia Philippines 
Til>cl northern Burma parts of Indonesia 

Turkestan, Central Asia 
Alost of American Indians 

Southwestern United States to Bolivia 

Mexico to Bolivia 

Islands of central Pacific Ocean 

Hawaiian Islands 


cies IS always likely to take place It occurred between the Neander- 
thahans and the more modern looking races of Homo sapiens during 
the Ice Age (see page 332) In organisms other than man biologists 
can study only the situation as it appears today and cm it best make 
conjechirts concerning the past Tlie history of human populations 
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Figure 13 9 Representatives of some of Oie races of the human species A 
Murta>ian {No 1) B Polynesian (No 29} C Mefanesian (No S) O Neo 
Hawaiian {No 30) Ntanbers refer to the racial classiSmtion of Coon Gam 
and BirdseJl summarized In Table IS S (After Coon Gam Birdsell and other 
souRcs redrawn ) 
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Figure 13 10 Representat»\es of some of the races of the human species A 
Cla<sic ^^ongoIold (No 21) B Turkic (Ko 25), C Southeast Asiatic (No 23) 
D Amencan Indian (No 26) 
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Figure 13 11 Representatives of some of the races of the human species A 
Forest Negro (No 7), B Bantu (No H) C Bushman (No 10) t> Hamite 
(No 15} 




Figure 1312 Reprcsentafixes of vmie of the races of the human species 4 
Alpme (No S) B Kortlnvest European (No 4) C, Mediterranean (No 17), 
D Hindu (No 16) 
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is known much belter, nnd this allows some insight to be gnined into 
the processes of race forrmtion and aimlgamition 
Adaptive Nature of Human Races Afans most powerful meins of 
adiptitioii to his environments is learned and ic(jinri.d know’ledge, 
the ability to choose consciously and to create new environments, in 
sliort lus culture In the concluding chapter of this hook it will be 
argued tlmt the genetic endowments which permit the acquisition and 
maintenance of culture arc the property of the human species as a 
whole, not of any one race Relative to the cfficac) of cultural ndapta 
tion, the importance of the genetic differences between the races is 
\ery small indeed It is also diminishing with time, os civilization 
discovers ever new methods of controlling environments In fact, 
surprisingly little is known about the adaptive significance of the 
particular traits which distinguish human races Coon, Cam, and 
Rirdsell (1950) and Coon (1054) however, have made some tentative 
suggestions which may be reviewed here 
People with black or chocolate brown skm arc native to the forests 
and grasslands of Central Afnea Melanesia (New Guinea and islands 
to the southeast), southern India and some islands on the fringe of 
southern Asn All these regions arc located in the torrid zone along 
the Equator, where the sunlight is intense and the danger of sunburn 
IS great Tlie skm pigment absorbs the ultraviolet radiation which is 
responsible for the sunburn No dark skinned population has jet de- 
veloped in the American tropics, partly because human occupancy of 
these lands is relatively recent, and partly, according to Coon, because 
most populations there live either in the shade of dense forests or in 
the mountains People native in temperate and cold climates can 
develop the protective tan following skm exposure to light, or can 
bleach if covered with clothing or if the weather is cloudj Bleached 
skin IS supposedly advantageous because it permits the scarce ultra- 
violet rays to produce enough of the valamin D, the “sunshine v itamm” 
which IS necessary for health Skm which can either darken or bleach 
IS therefore, advantageous where the amount of sunshine is variable 
with the season (cf , however, Chapter 7) 

In bothes of similar shape, the surface grows as the square, and the 
volume (or weight) as the cube of the linear dimensions In other 
words, the smaller the body, the greater its surface m relation to the 
volume Body surface is relatively greater in tall and slender people 
than m short and rotund people of similar bulk long arms and legs 
and large flat hands and feet also increase the body surface The body 
surface acts as a radiator of an automobile does causing dissipation 
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of heat and cooling of the body It follows that an increase of the 
body surface relative to the body mass is desirable m hot climates, 
and a decrease in cold climates There is some evidence that the 
observed racial v anation is on the whole m accord with these require 
ments In Europe tlie bulkiest people inhabit the North, whereas the 
Mediterranean people tend to be more slight and gracile Among 
the Mongoloids, northern Chinese are larger people than their south 
ern countrymen, Annamites, and Siamese In the Americas, the Mava 
of southern Mevico and Guatemala, and the Amazonian Indians are 
small, whereas the Indians of Alaska, Canada, the northern United 
States, ai.d of southern Argentina are more bulkv In Africa, the 
Nilotic Negroes are among the tallest people in the world, but thev 
are also exccptionallv slim Coon is also of the opinion that the char- 
acteristic fe itures of the Mongoloid face may represent an adaptation 
to the cold, dry and windy climates of the great interior of Asia 
Not all racial traits need be so utilitarian as suggested above Some 
facial features, hair shapes, and perhaps body forms may have become 
established bv natural selection m response to the vagaries of popular 
tastes and ideals of bodily beauty The possessors of traits considered 
comely and pleasing mav have been favored as mates and placed in 
superior positions to raise large families Much study and research 
are necessary before the origin of human racial characters can be 
fully understood 
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n known mvich better, and tbis aHows some insjglit to be g^^ned mto 
the processes of race formation and amalgamation 
Adaptnc Nature of Human Tlacc^ Afans most ponerfiif means of 
achptatton to his eruironments is fcameci and acquired knowledge, 
tbc ability to choose consciously and to create new environments, in 
short his tiillurc In the conchidmg dnplcr of this book it will be 
argued that the genetic endowments which permit the acquisition ami 
maintenance of culture arc the property of the human species ns a 
whole, not of any one race BcHtwc to tlic cflicacj of cultural adapt! 
tion, the importance of the genetic differences between the races is 
very small indeed It Is also diminishing vvith time, as ciMlizatioii 
discovers ever new methods of oonlrollmg environments In fact, 
surprisingly httic is knoim about the mlaptne signi/icinr^ of the 
particular traits which distinguish human races Coon, Cam, and 
Birdscll { 1950) and Coon ( 1934), however, have made some tentative 
suggestions wJiieh miy be revieued here 
People With bhek or chocolate brown skin arc native to the forests 
and grasslands of Central Africa Mchnesn (New Guinea and islands 
to the southeast), southern India, and some islands on the fringe of 
southem Asia All these regions arc located in the tomd zone along 
the Equator, where tiic sunlight is intense and the danger of sunburn 
IS great The skm pigment absorbs the ultraviolet rathabon which js 
responsible for the sunburn No dark skinned population has >et de- 
veloped in the American tropics, portly because human occupancy of 
these lands is relatively recent, and partly, according to Coon, because 
most populations there live either in the shade of dense forests or in 
the mountims People native m temperote and cold climates can 
develop the protective tan following skin exposure to light, or can 
bleach if covered with clothing or if the weather is cloudy Bleached 
skin ss supposedly advantageous because it permits the scarce ultra 
violet rays to produce enough of the vitamin D, the “sunslime vitamm” 
which is necessary for health Skm winch can either darken or bleach 
IS, therefore, advantageous where the amount of sunshine is variable 
with the season (cf however. Chapter 7) 

In bodies of similar shape, the surface grows as the square, and the 
volume (or weight) as the cube of the linear dimensions In other 
words the smaller the body the greater its surface in relation to the 
volume Body surface is relabvely greater in tall and slender people 
than in short and rotund people of similar bulk long arms and legs 
and large flat hands and feet also increase the body surface The body 
surface acts as a radiator of an automobUe does, causing dissipation 
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Chance, Guidaiwe, and 
Freedom in Evolution 

The idea of evolution, of transformation of one kind of organism 
into another, certainly antedates Darvvm Before scientific biology 
appeared, even the weirdest stories of transformation were often 
credited (see page 166) In classical antiquity, the creation myths 
of Anaximander, Empedocles and Lucretius fancied that living beings 
arose from very different progenitors and from inanimate matter 
(page 111) H F Osborn (1857-1935) and others claimed that 
Aristotle was also an evolutionist, since he maintained tint nature 
advances from the inanimate to the animate, and from less perfect to 
more perfect creatures (page 224) It is not, however, certain whether 
Aristotle meant this advancement as a concrete historical event, or only 
as a part of his more general philosophical view that a vital force, a 
soul, gives a recognizable actuality and form' to potentiality and 
primary matter Aristotelian views were taken over by medieval 
philosophers and theologians particularly by St Thomas Aquinas, 
who did not interpret them in any recognizably evolutionist sense 
On the other hand, Descartes (1596-1650) and Buffon (1707-1788) 
apparently did arrive at evolutionist views of nature But in their 
day such views were regarded as subversive, and Descartes and Buffon 
accepted tbe dictates of authority and were in no mood to risk their 
privileged positions They saw fit to disguise their views as mere 
amusing paradoxes or idle play of the intellect Maupertuis (1698- 
1759), Erasmus Darwin (grandfather of Charles, 1731-1802), Goethe, 
and several others mentioned in Chapter 10 approached the problem 
of evolution in various ways The possibility that the world of life 
might be a product of evolution was, indeed, “in the air when Charles 
Darwin started his work 
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Tilt story of sochl insects and tlio relations belucen the innate (instmctisc) 
and tlic learned bcliavior arc discussed in llic Foilossing books 
Alice W C , Emerson A E , Park, O , Park, Tli and Sebmidt K P 10 19 
Vrinciplcs of Animal LcoloRfj Saunders Hiibdclpliia 
See particularly Chapters 23 21 and 35 

Haskins CP 1015 Of Ants and Men Allen & Ununn, London 
Haskins, C P 1031 Of Societies and Men Norton, New York 
Lorenz, K 1952 Alng So/onion « /ling New Light on Animal Ways Crowell, 
New York 
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previous stites and the cause of its future states Once this is granted, 
it inevitablv follows that the evolution of life of man, nnd indeed of 
the whole cosmos was predetermined and fixed from the start This 
conclusion harmonizes \ery nicely with the biological preformation 
theory (Chapter 10) Primordial life contained wathin itself all the 
e\olution to come, as a flower bud contains all parts of the future 
flower Evolutionary changes arise, some biologists suppose, from 
inside the organism, atitogencUcalhj, and lead only to the unfolding 
of whit was there from the beginning It was not natural selection 
at all which has shaped the dixersity of Imng creatures If e\olution 
IS brought about by autogenesis, then n itural selection can accept 
only what is fit to surv i\ e in a gi\ en environment and reject w hat is 
unfit An analogv will maVc clearer what is meant by autogenesis 
The element uranium decomposes into helium and lead, the rate of 
decomposition is constant and largely independent of the environment, 
it IS possible to predict that after a certain number of years a certain 
fraction of the uranium will ha\e turned to lead May organic evo- 
lution be caused by a similar process^ L S Berg ( 1926) thought that 
It might According to him, evolution IS ‘nomogcnesis, that is, dev el 
opment according to law residing in the living matter itself What 
e\ olution produces is w hat it is destined to produce, just as a flow er 
bud IS destined to produce a flower Rosa’s hologcnesis (1931) is a 
similar notion 

We need not be mechanistic maternhsts to believe in autogenesis 
A modern brand of vitalism known as finahsm, credits this nolion 
Cupnot (1941) and Vandel (1949) m France, their popularizer Du 
Nouy (1947) in the United States, Naef (1919) and D icque (1931, 
1940) in Germany and other finalists have no use for crude materi il 
forces such is mutation and selection The problem of e\ olution is 
resolved more simplv Evolution strives to reach a predetermined 
goal or end This go il is assumed to be the production of man To 
Dacque, the amoebae fishes, amphibia etc are disguised states of 
mankind whatever this mav mean To Vandel Matter w’as at its 
origin rich m power and in unrealized possibilities, able to engender 
the organic as well as the inorganic, the living and the inert In 
giving birth to life, matter passed to the latter the essence of its creativ e 
energy, and this effort reduced matter to a degraded relic, devitalized, 
and having lost most of its incestral q\i lUties Having produced man, 
the ev olution of life has done its job, and has terminated Organisms 
other than man are “byproducts, slags, left over after its (mans) 
production H F Osborn (1934) beld opinions close to those of the 
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TIic greatness of Laimrck and of Darwin was tint they not onlj 
adduced new and compelling cxidcncc of c\ohition (winch they ccr 
tamly did), but tint thc> also made the occurrence of evolution m 
lelhgiblc Limarck and Darwm agreed lint the evolution of life on 
earth Ind been brought about by causes whlcli continue to be in operv 
tion even now Tlicse causes can, then, bo observed and experimented 
With It Inppcns that a century and a half of observations and c\- 
penments Invt faded to confirm Lamarck’s surmise of wliat these 
causes ore Dirwms ideas have stood the test of tune much better 
Both Lamarck and Darwm were innovators who proved that life has 
had history, and that this history is not unfathomable Although we 
shall never be able to have the evolution of the living world rc-cnacted 
as a whole before our c>es, at least some clcmentarj- tvolulionarj' 
events have been reproduced (Chapters 5 and 9) Man may yet learn 
to direct the future course of the evolution of species, including his 
own 

The general biological theory of evolution oiithned m this book 
developed, by an unbroken continuity of thought from the Darwinian 
prototype (Chapter 6) However, biology has not stood still since 
Darwin therefore, the modem theory' differs greatly from Darwins 
Not nil biologists however, arc satisfied that this theoiy is valid 
Quite properly', they have tried to suggest nltemative possibilities 
and these alternatives should be given considerahon Even though 
none of them may prove acceptable, a clearer perspective of evolution 
ary biology will be gained m the process 

Autogenesis and Fmalism Tlic longing to know the futvirc is 
deeply ingrained in human nature Science helps to understand the 
present, to comprehend the past, and to predict the future Astrono 
mers can foresee tlie second when a sun eclipse will be visible from 
any given point of the earths surface, and can describe eclipses which 
happened centuries ago TIic astronomer Laplace (1749-1827) as- 
serted that, given for one instant a knowledge of the positions and the 
velocities of all the masses composing the universe at any particular 
moment, an intelligence vast enough to submit these data to analysis 
would embrace in the same formula the motions of the greatest bodies 
in the Universe and those of the lightest atoms, for such an intelli- 
gence nothing would be uncertain and the future as well as the past, 
would be present to its eyes Of course no human intelligence is 
anywhere near so vast, but Laplaces proud hope became a basic tenet 
of mechanistic science 

The present state of the universe then, is the consequence of its 
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gressively biggtr and bigger, their structure getting more and more 
suitable for grazing 



Figure 14 1 A fossil stag (Megaloceros ilso known as Insh elk) with enormous 
antlers which some authors imagined to be hirmful to the animal (After Cuenot 
redrawn ) 


The evolution of the human farmly (Chapter 13) shows a pro 
gressive development of the brain with corresponding changes m the 
bones which house this noble organ, and m the body which is pre- 
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rnoclem finalists To Inm, the important principle which brings forth 
evolution was “anstogcncsis,*' nn urge towards greater "perfection," 
assumed to be inherent in life 

Orthogenesis To most biologists the speculations of the finalists 
and otlier believers in autogenesis seem franUy puzzling Neverthc 
less, the valulilj of *j scientific theory, liouevcr startling it may seem 
js tested by its ability to account for facts which arc incompatible with 
other theories Tlic alleged bists of autogenetic theories is the appar- 
ent dircctednesv of evolutionary changes, revealed especially by the 
fossil evidence Consider the succession of the shell forms in the 
snail shown m Figure 12 1 In each successive geological stratum the 
shells become more and mere angular, as though the evolution of these 
snails were directed by some force straight towards attainment of 
the greatest possible angularity For such apparently directed trends 
of evolutionary changes Eimcr (1897) introduced the word "or/ho- 
genesis " 

One of the most famous examples of orthogenesis is the develop- 
ment of gigantic nntlcrs in the males of the Irish elk, Megaloccros 
(Figure 141} Starting with htc Tcrtnr>' times (Phocere) the an 
ccstors of Megaloccros were getting progressively larger in size, and, 
ns they were getting larger, the antlers m the males were getting more 
and more enormous, until during the Ice Age tlic antlers reached seem 
ingl> absurd dimensions, and finally these animals died out Some 
paleontologists sunniscci that such huge antlers must have been in- 
jurious to their earners, and concluded tbit Megaloccros died out 
becatisc its antlers got too big for « to carry' In otlier words, the 
evolutionary trend towards large antlers developed such a momentum 
that It could not stop, even wh^i it got to be harmful and led to 
extinction Simpsons fitting comment about this surmise is “I can 
only feel awe for any one who knotvs that structures were disadvan- 
tageous m animals that were very abundant for tens of thousands of 
years and more " 

The evolubonary history of the horse tribe, considered bnefiy tn 
Chapter 22, has often been alleged to represent another clear instance 
of orthogenesis, and has been cited as such in many books on biology 
and evolution Indeed starting with the little Eohippus the horses 
were getting larger and larger, the modem thoroughbred horse ( Chap- 
ter 9) being a veritable giant compared to Eohippus Furthermore 
beginning with the Condylartlis and the Eohippus the ancestors of 
tlie horse were losing tee after toe, until the modem horses have just 
a single toe left on each foot to stand on Ibe teeth became pro 
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ticularlv hvmg on open grassy plains which were becoming widespread 
on earth during the Tertiary geological period 
Of course the evolutionary ch mgcs did go in the same directions and 
often for prolonged periods of time in many groups of organisms 
Moreover, the same or parallel csolutionary trends are often ob- 
served m different organisms Perhaps the most widespread and best 
Icnown trend concerns gradual but steady increase m body si7e This 
growth has occurred m quite different animals, m iking them grou 
larger and larger as time went on The most ancient mammils ( living 
during th( Meso/oic times, see Chapter 12) were only as big as mod- 
em mice or, at most rats Larger quadrupeds appeared during tbe 
Tertiary The known history of the elephants begins in late Eocene 
times with animals about as big as a hog As early as the Ohgocine 
forms appeared tliat w<re as large as a bull During Miocene and 
Pliocene came elephants as largt or larger than the modern ones, 
and the giants like the woolly mammoths lived during the Ice ^ge 
and died out perhaps with the active assistance of man who must 
have regarded them as excellent sources of meat Th( increase of 
the body sue in horses has already been discussed, as well as the body 
size progression among the primates, which may have been our own 
ancestors (Chapter 13) The primitive reptiles of (he Pennsylvanian 
and Permian ages were only as big as some big lizards, yet they appear 
to be the ancestors of the most gigantic land animals ever produced, 
which lived during the Jurassic and Cretaceous periods (see Chapter 
12) Evolutionary size increases have been observed also in some 
invertebrate animals, particularly m mollusks 
There is, however, no iron clad law that would make evolution 
produce ever larger animals For one thing, many animals have re- 
mained as small as their ancestors, and some even became smaller 
For another, the prevalence of the tendency towards bigness is quite 
understandable since larger individuals are usually also stronger, bet- 
ter able to resist some enemies and escape from others In addition, 
a more massive body is advantageous in cold climates (see page 355) 
No wonder, then, that natural selection by and large favors bigger 
animals over smaller ones The selection becomes, according to 
Simpson orthoselcction which operates generally in tbe same direc- 
tion Orthosdcclion brings about die appearance of orthogenesis 
The basic differenci is here that orthoselection lasts only as long as 
the environment'll opportunity which favors it, orthogenesis has usu 
'lily meant -i change independent of, or even contrary to such oppor- 
tunity Orthoselection is simply selecbon long continued 
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skIuI over by its function Tliis is on orlhogencsts of sorts But docs 
It follow tint the Austrolopilhccime, or Uie tarsicrs, or an> other 
human nncestors or relata>cs were men in disguise, who needed mil 
hons of jears to slough off their animal masks^ Tlierc is nothing to 
necessitate suclj a view Not all primates, nor all anthropoids, evolved 
m the direction of man, and there is no reason to think that they will 
do so in the future 

Orthosclcction The above examples of orthogenetic trends are 
not txccpliona! jPossil histones of manj groups of organisms maj be 
interpreted as showing trends of ont kind or another Many paleon 
tologists and some biologists bchcvetl lint n theory of evolution of the 
type outlined m the foregoing chapters of tins book could not explain 
flic apparent prevalence of orthogenetic trends If so, we would have 
to turn to one of the theories with names ending in—gcnesis mentioned 
above The German paleontologist Schindeuolf (mam works in 1936 
and 1950) has been particularly emphatic m expounding the view 
that an explanation on nutogcnctic or finahslic lines is necessary 
Simpson (1944, 1933) and Rensch (1947) have performed a great 
service to science b> demonstrating that there is actually nothing in 
the known fossil record to contradict the modern biological theor> of 
evolution 

In speculating about the evolutionary trends disclosed by the fossils, 
we must be on guard in order that, seeing tlie obvious, vve do not miss 
the significant Simpson, having analyzed the fossil evidence of 
horse evolution in greater detail than any one else, has concluded that 
the orthogenetic interpretation can here be sustained onlj by disre- 
garding important facts As sliovvn in Chapter 12 there were not 
one but many evolutionary lines of horses, and not all of them by 
any means were getting bigger all the time, or getting rid of toes, or 
developing teeth fit for grazing True enough, tliese things happened 
m some lines of descent, including the one which gave rise to the 
horses which are now obve Tlie horses which were largest and strong- 
est, which could run fastest, and which were able to utilize the most 
abundant food supplies by grazing on grass, survived, while those 
animals which did not develop these characteristics died out On the 
whole the fossil evidence lends no support to the idea that there was, 
or is a built-m propensity to develop in any particular evolutionary 
direction It is quite consistent with the view that the evolutionary 
changes took place owing to natural selection of genotypes which 
were most suited to exploit certain emaronmental opportunities, par 
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inevitable death The fossil record shoavs group after group of or- 
ganisms which appear, become diversified and abundant, and then 
decline to extinction An analogy is tempting Are youth, senescence, 
and death the destiny of species, genera, and orders, as they are of 
individuals^ Some believers in autogenesis orthogenesis thought so 
But analogies are i precarious method of scientific cognition Growth 
and senescence of individuals arc brought about by physiological 
causes and presumably do not involve changes in the genes, evolution 
IS genetic change The two things cannot be equated hastily 
Let us see what is meant bv evolutionary youth and senility of a 
group of organisms The reptiles were bom in Pennsylvanian times 
as an offshoot from the amphibians, and the “infant reptile,’ called 
Sevmouria, w is so amphibian-like that, according to Romer, “the aca 
demic question has been raised as to whether Se>mouria was an 
amphibian which was almost a reptile or, on the other hand, a reptile 
which had just ceased to be an imphibian ’ Very soon ( geologically 
speaking), namely during the Permian, there were present representa- 
tives of several (six) orders into which the class of reptiles is divided 
Several more orders appeared during the Triassic, including the small 
ancestors of the future giant ‘ruling reptiles This, then, is the 
youth” of the reptiles The Age of Reptiles, when they were most 
numerous and diversified, and when the gigantic forms were living, 
occurred during the late Trnssic, Jurassic, and Cretaceous This is 
‘maturity ” But, remarkably enough, no new orders of reptiles ap- 
peared when as a class they were dominant The “senilitv’ came with 
a crash in the late Cretaceous and in early Tertiary, when all but four 
previously inconspicuous orders ( turtles, crocodiles, lizards and snakes, 
and the order of the New Zealand tuatara, or Sphenodon) died out 
These four orders are still hanging on, but the class of reptiles as a 
whole IS ‘senile ’ 

Mammals have a similar story They appeared as an offshoot of the 
reptiles when the latter were “young The infancy of the mammals 
was a prolonged one, extending through the whole Age of Reptiles, 
their vigorous youth came m the early Tertiary (Paleocene and 
Eocene), coincidentally with or immediately after the dymg-out of 
the ruling reptiles Most hvmg orders of mammals, and some of the 
extinct ones appeared at that time, inaugurating the Age of Mam- 
mals (see Chapter 12) The greatest blooming of the class of mam 
mals, when they were most diverse and included some spectacularly 
large or peculiar forms, came mlate Tertiary (Miocene and Pliocene) 
A “senility” may have begun during the Ice Age and the Recent, when 
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Allomctnc Growth A Imman infant has a rclitiv ely much bigger 
head and smaller legs and nnns than an adult person Tins amounts 
to si> ing tint ns our bodies grow , the different organs and puts do not 
grow in the same proportion Tlie iiead grow s less tlnn the cttrcmi 
lies, so that an adult is not just hkc a baby imgnificd, nor ts i baby 
a diminutive adult Such difference in relative growtli rales of bodj 
parts IS known ns allometry or nllometnc growth Allometrj occurs 
in many kinds of animals and also in plants Allometry can be ob- 
served also when adult bodies of different species or races are com- 
pared Larger species and races often show predictably different 
body proportions, ns lUustralccl m Figure 136 for the skulls of the 
larger and smaller breeds of dogs 

Allometry is a reasonable explanation of some otherwise very puz- 
zling cv olutionary changes Consider again the Irish stag \fegaloccros 
(Figure 141) Tlifs extinct form had not onl> much larger antlers 
than its ancestors and relatives, but it was a larger animal The evo- 
lution of the ancestors of Megaloccros brought about an increase m 
body size ns well ns in antler size Now among deer and their rela 
lives, as the body grows larger, the antlers increase in size even faster 
If natural selection for anj reason favored larger and more powerful 
bodies, the antlers would be expected to overtake the body in the 
rates of increase Tins prize example of orthogenesis (see above) is 
most likely an instance of orthosclection Seeing the monstrous antlers 
of Megaloccros we wonder why selection should ever have created 
such an unwieldy structure But it is as certain as such things can he 
tint natural selection does not bring into being antlers separate from 
heads, or heads separate from the shoulders, etc. It is an individuals 
body as a whole that lives, grows, reproduces, and dies And natural 
selection is opportunistic So long as bigger stags transmitted their 
genes to the following generations more efficiently than smaller stags, 
the selection favored increasing size Assuming that the huge antlers 
were a burden to the animals (and this is an assumption which may 
easily be wrong), a genotype which would have produced a bigger 
body with relatively smaller antlers would have had an advantage 
There is, however, no warrant to believe that any combination of 
relative sizes of body parts will always be ready when circumstances 
favor It This belief would imply a miraculous prescience of the 
future on the port of the genotype (see page 107), and genes are, after 
all, things of this imperfect world 

Evoluhonary Youth and Senescence The way of all flesh is from 
birth childho^, exuberance of youth, vigor of mahinty, senility to 
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Fossil remains of reptiles \ery much like Sphenodon occur m Tri* 
assic and Jurassic rocks in different parts of the world Then they 
disappear from the record for at least 130 million years (Cretaceous 
to Recent, Table 121) A population of Sphenodon is nevertheless 
living on an isle off New Zealand quite oblivious that it should have 
long ago felt internal impulses’ towards extinction However, it is 
hardly an accident that the living Sphenodon is preserved in a locality 
so far out of the way The animal life of New Zealand is limited m 
variety and lacks representatives of many kinds of creatures which 
are common elsewhere The competition of these creatures would 
probably make short shrift of the Sphenodon On a larger scale, the 
marsupials are now restricted chiefly to Australia, where the placental 
mammals were few until man came (Chapter 12) The marsupials, 
with the notable exception of the opossum, have died out outside 
Australia, presumably because they were no match for the placentals 
Ev cry species is enabled b> its body structure to occupy and exploit 
certain ecologicd, or adaptive, niches in the economy of nature (page 
311) Evtinctjon occurs either because the ecological niche disappears, 
or because it is wrested away by competitors The ecological niche of 
a parasite is its host if the host species dies out, so does the parasite, 
provided that it c innot victimize alternative hosts The more narrowly 
specialized is an organism for life in only certain environments, the 
greater the risk of extinction Evolutionary senility may be a con 
sequence of specialized adaptation to only a restricted ecological 
niche A narrow specialist may live quite happily so long as his 
exclusive abilities find an assured outlet The Teddy be<ar like mar- 
supial koala (Fhascolarctos, Figure 12 8) deigns to eat nothing but 
the young foliagt of only a few species of eiicalypts Nevertheless this 
slow and defenseless animal was quite common in parts of Australia 
until white men started to use it for target practice Compare this 
with the dietary versatility, aggressiveness and watchfulness of such 
an animal as the gray rat Koala is now kept in existence only by 
conservationist laws, whereas the rat is far from rare despite deter- 
mined campaigns of extermination 

It may seem surprising that evolution controlled by natural selec- 
tion leads so often to o\ erspeciahzation and consequent extinction 
But this IS onI> a consequence of the fact repeatedly emphasized above 
that natural selection is opportunistic and, like any natural process 
other than the human mind, lacks foresight Selection perpetuates 
w h it IS adv antageous b< re and now, and fails to perpetuate w hat mav 
he beneficial in the future unless it is also immediately useful To 
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there flppt'iircd a airious mamm*!! callctl min TIas upstart has sitc- 
cccdecj, ho\\e\cr, fn miking the present time the Age of N!an 
Tile circcrs of the classes of reptiles and of mammils )n\e nothing 
111 them that would compel us to assume thit evolutionar> “youth’' 
comes ineseipibly after “mfincy “ or “senility” after “raitunly " De 
spile the fossil records being incomplete and in many ways bifiling 
NSC may entertain a \sotkmg hypothesis tbit the t\ohitionary events 
for which tins record stands sstre brought about by nitiinl selection 
m response to environmtntil opportunity Nfammals lingered incon 
spicuously for many mlUions of years while the reptiles were dominant, 
but underwent an exuberant ndaptwe radiation os soon ns the domi 
nant reptiles died out Was this just a coincidence? Is it not more 
hVcly th<al the decline of reptiles opened up biological opportunities 
which were quickly seized upon by mammals (and by birds)^ Again, 
wlnle most orders of reptiles died out, that of the lizards and snakes 
suffered no eclipse and is doing nicely even now They have a place 
in tlie sun which is not much encroached upon by the mammals 
The birth of a new group of organisms usually means tliat on evo* 
lutionary “invention” has been made which permits life to exploit 
novel environments, or to exploit old envaronments in novel ways 
Thus amphibians wore the first vertebrates to live on land, reptiles 
became free from dependence on water as .an abode of the early 
developmental stages (tadpoles), mammals and birds evolved tegu- 
htion of the body tcmperaUire that makes them less dependent than 
the reptiles are on the vagaries of weather, besides mammals "m 
vented superior ways of taking care of their young, while birds be 
came able to exploit the food resources of the air (Chapter 12) 
Clearly natural selection would be expected to perpetuate such useful 
inventions It wowld also be exjiccttd to encourage the idaptations 
to the various aspects of environment, hence the adaptive radiation 
of the evolutionary “youth period (Figure 61) 

Causes of Extinction Extinction is a frequent finale to many evo- 
lutionary histones The causes which brought about the extinction 
of many groups of organisms are quite obscure, which is not really 
surprising since even if the fossil record were much more complete 
than It IS we would often be unable to visualize all the manifold and 
complex interrelations of the inhabitants of the remote past But 
the supposition that extinction occurs “obeying certain mtemal im 
pulses concealed m the constitution of the organism (Berg) is barren 
as a working hypothesis A diligent study of the mterrehtions of now 
living organisms however throws some light on causes of extinction 
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What actually happened was that eyes were gradually formed and 
perfected among man's dost and remote ancestors These '\ncestors 
had eyes for at least 400 million years (the appearance of the verte- 
brates in the fossil record) Reptiles have eyes, and so do amphibmns 
and fishes, and even the lowly lancelet (Amphiosus) Ins pigment 
cells which mahe it able to perceive light Many of mans ancestors 
had eyes which were simpler in structure and less perfect m function 
than our own, yet the eves were aUvavs useful to their possessors 
Natural selection had ample opportunity to press onward toward high 
degrees of perfection of the eyes 

The most misleading implication of the watch anilogy and of 
similar arguments is tint the eye was formed by summation of inde- 
pendent mutations, each responsible for a certain part of tlie organ— 
the lens, or the ins, or the rods or the cones of the retina, or the 
muscles which move the eye, etc K this were the true nature of 
gwes and mutations, the eye could not function until the last part of 
the eye mechanism had been installed m its proper place An auto 
m^ile motor does not work until evtry component part is put where 
if belongs But genes and mutations do not work tliat way, and this 
makes the difference Genes determine not body parts but develop 
mental processes The genes make a fertilized egg develop by stages 
m a body which has, among other parts eyes of a certain kind Evo 
ution of the eye then is not like the building of a unit motor, it is 
rather more comparable to the gradual development of internal com 
ustion engines from the first hesitant model to the present powerful 
and efficient makes 


Preadaptation Another dialectical tangle in which some evolution 
have ensnared themselves concerns the origin of genetic changes 
Hhich prove to be adaptive As we have seen, mutations may be 
described metaphorically as “mistakes in the processes of the self 
5>ynthesis of genes These mistakes* occur regardless of the need of 
the organism to maintain or to improve its adaptedness to the environ- 
ment Nevertheless, some of them occasionally prove to be adaptive 
Such occasional mutations may be said to be '“preadapted to certain 
environments actually before the organism has had any chance to 
make use of them From this is only a short dialectical step to sav- 
ing as some finalists and vitahsts actually did say, that evolutionarv 
Changes are m general preadapted to certain environments, whether 
ese environments do or do not actually exist in reality Thus the 
ancestors of the ancient amphibians were becoming preadarjted” to 
explou Ihe food resources of iand before Urey actuaUy Lte^ro IvUb 
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take up again the case of the unuicldy antlers of the stag Megaloceros 
Provided that Jarger stags produced more survivmg progeny thin 
smaller ones, tliere must have been an “orthoselection” for size m 
crease It is, then, conceivable that because of some environmental 
changes the cumbersome antlers may hive !>eeome injurious, if the 
reversal of the size trend could not be accomplished quickly, die ani- 
mal died out 

Origin of Complex Ad 0 pta(ion$ A diiRciiIty, fully realized by 
Darwin which any rational theory of adaptation has to face is tlie 
formation of complcK organs and physiological functions Consider 
the human eye with its many wondcrfiilly coordinated parts, each part 
necessary for the organ to be fully serviceable Or consider the proc* 
esses of pregnancy and childbirth Here is a senes of hormones, each 
wiih a separate function, and yet acting m an ordered sequence like 
different inslnimcnls m a symphony orchestra, even a slight disturb 
ance may make the process of repro<Iuclion end m failure 

Can such delicately engineered systems possibly anse through nat 
lira! selection acting on the genetic variability supplied by mutation^ 
A mutation is, essentially a “mistake** m the process of gene repro 
duction, and most such "mistakes** ore detrimental to the organism 
(Chapter 4) Yet these "mistakes** must be woven by natural selec 
tion into sucJi patterns as give rise to useful organs and functions 
Let us keep in mind that selection has no foresight and cannot build 
organs useful only m the future An organ must be continuously use 
fill or else selection will neither advance its construction nor even 
maintain it To some biologists this requirement seemed too great 
“\Ve might just ns well expect that if the wheels screws and other 
component parts of tlie mechanism of a watch were to be put into 
a vessel, we could, by a simple process of shaking, get them to com 
bine m such a manner os to become a watch that would function as 
such” (Berg) Tlieones of autogenesis have been urged on this basts 

The objection that theories of evolution by natural selection rely 
too much on “blind chance" has been made repeatedly since Darwin s 
day Mutations are accidents of gene reproduction gene recombma 
tion yields by chance vanous genotypes, selection improves the chance 
that some genotypes will leave more offspring than earners of other 
genotypes Can these chances add up to building a complex organ 
such as an eye? The "watch analogy,” however, contains a subtle 
fallacy It tacitly assumes that the human eye arose m all its present 
perfection all at once by a luefey throw of genebc dice Such a sup- 
position would, indeed, stretch our credibility to the breaking pomt 
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Evolution has brought about a tremendous increase in the range of 
environments in which life is possible, in the diversity of living crea- 
tures, and in the total miss of living matter We do not know what 
the pnmordnl life was like, but it is certain that it could exist only 
in some very restricted range of environments The fossil record of 
the early Paleozoic consists of only water-dwelling creatures, while 
land was apparently lifeless At present life extends almost every 
where on the earths surface, including such apparently inhospitable 
places (from the hum in standpoint) as desirts high mountains, and 
subpolar regions Some forms of life seem so grotesque in appearance 
(Figure 14 2), or live in such strange places that we naively wonder 
why such creatures ever appeared This is another instance of the 
opportunism of evolution whatever can perpetuate itself m any 
accessible environment does so The appearance and spread of a 
new species constitute progress whtreas extinction is regression 
Although evolution has been m this sense, progressive on the whole 
the living matter (biosphere) is still, on a planetary scale, merely a 
thin film at the boundary of the cirths crust (lithosphere) ind its 
gaseous envelope (atmosphere) 

Another kind of progress is the increasing complexity of organiza 
tion of living beings Simplest plant viruses consist apparently of a 
single chemical substance— nucleoprotem Bacteriophages and, even 
more so, bacteria and unicellular organisms are immensely more com 
plex since their bodies are structured systems involving numprous 
chemicals Then follow multicellular organisms, these again range in 
complexity from such relatively ‘simple things as Pandonna (Figure 
12), which are merely colonies of semi independent cells, to very 
complex systems of cells, such as the higher animals and man In 
this respect, loo, evolution has been on the whole progressive, although 
not always so For example, parasitic organisms, such as Saccuhna 
(Figure 10 6), are often much simpler m structure than their free- 
hvmg relatives There even exists a view that the viruses may be 
degenerate descendants of more complex bacteria like organisms 
Furthermore, it is not )ust a love of complexity which makes evolu- 
tion produce ever more intricately organized hv mg bodies Although 
there IS no strict relationship between the two things, more complex 
organization by and large gives a greatei autonomy of the organism 
from the environment As pointed out especially by Schmalhausen 
(1949), evolution has tended to improve the homeostatic adjustments 
so that the processes of life can go on despite env uonmental variations 
The transition from the “cold blooded” reptiles to the “w arm blooded” 
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on it (cf Chapter 12, page 290), soint genetic changes ^Uefcd the 
teeth of Tcrtiiry horses m ways to make the latter “preaclaptecr to 
grazing instead of bro\vsmg (page 303) hfans erect posture made 
5jis hands prcidiptcd towauis performance of dehc'ttc manml opera- 
tions (Chapter 13) 

The difUculty is chitfl) a verbal one When some ancient anlhro 
poids made the first Imtalive attempts to walk erect no! even the 
shrewdest evolutionist could have predicted that the fore paws of 
these anthropoids would some thy handle surgical instniments used 
for delicate operations When these anthropoids were increasing their 
hrmns m response to tho need for more cunning m escaping enemies 
It was quite unpredictable tint the bnins of their remote descendants 
would eventually develop (he ideas of Plato or of Darwin In other 
words, \vc must have tfie benefit of hindsight to decide whether a 
given change was prcadaplive for on) thing “Preadaptation" is a 
meaningless notion if it is made different from "adaptation” 

Progress in Evolution Wc have seen in Chapter 10 that according 
to Anstotic al! living beings range in a single senes from the least 
perfect to the most perfect Lamarck thought that tins single ladder 
of perfection rellected evolution, and this unfortunate mistake was 
largel) responsible for the rejection of Lamarcks whole theor> Tlie 
belief in progress, however, was loo dear to the nineteenth centur) 
menlahly, and Dinvms tlieory was promptly interpreted to mean 
that "no good thing was ev er lost and that no lost thing vv as any longer 
any good” (Barzun) Indeed, natural selection generally does main- 
tain or improve the adaptedness of a Jiving species to its environment 

The situation, however, is complex In the first place, there is no 
single line of evolution but very many different lines Furthermore, 
every kind of organism occupies its own adaptive mclie to which it 
IS fitted by its body structure and by its mode of life Tlie might) 
hon ma> be the king of beasts, but it cannot fi> through the air like 
a bird, nor live m water J»ke a fish, nor subsist on simple organic com- 
pounds like bacteria nor utilize the sunlight as a source of energy 
like green plants By and large, every species is supenor to all others 
in Its own adaptive niche for if another species were supenor it would 
dnv e the first out But it is ridiculous to conclude on this basis that 
there has been no progress in evolution and that man is not a more 
perfect organism than o worm or an amoeba There are several 
possible catena of progress and perfection, and we must make it 
clear which one is being used 
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ibly certim th it tins probability is, in general, improved in the higher, 
compared to the lower, organisms 

Although progress is not necessanly the same thing as success, it is 
a fact that those groups of organisms which on other grounds may be 
considered most progressive are hkely to become also abundant, di- 
versified, and ‘dominant ’ The succession of the ages of amphibians, 
repbles, mammals, and man attested by the fossil record (Chapter 12) 
IS a case m point This succession corresponds to what is regarded as 
progressive evolution among vertebrate animals A similar reward for 
evolutionary progress was the accession to dominance of the ‘Ingher 
flowering plants at the end of the Mesozoic era On the other hand, a 
failure to progress does not always result in the organism’s becoming 
rare and extinct Among the living fossils showm m Figure 12 3 at 
least the horseshoe crab (Limuhis) and the opossum, and probably 
also Lingula, are common and prosperous species, apparently m full 
possession of their respective adaptive niches 

Man, the Pinnacle of Evolution One of the cheapest ways to 
gratify our ego is to consider ourselves superior to others For this 
reason, the opinion that man stands on the topmost rung of the ladder 
of progress must be carefully scrutinized It happens, however, that 
by all sensible criteria of progress man is superior to other creatures 

Mere growth m numbers may not be an unmitigated blessing, as 
man is finding to bis discomfiture in the overpopulated countries of 
southern and eastern Asia, but mankind has increased manyfold since 
the invention of agriculture, and has occupied most of the habitable 
surface of the globe (Chapter 13) The case is less clear m com- 
plexity of the organization of the body since tliere is no way to 
measure this complexity precisely We can say, however, that the 
vertebrates in general and among them the mammals, possess re 
markably elaborate organic systems Man belongs to tlie class of 
mammals There can be not the slightest doubt tint man is now the 
dominant species, with the development of biological technology all 
other species will exist only on mans sufferance 

The conclusive evidence of mans superior position is tint he, and 
he alone, has evolved the genotype which enables him to develop and 
maintain culture As pointed out in Chapter 13, the transmission of 
the cultural inheritance is superimposed on biological hereditv, but 
the former is a vastly more eflficient process than the latter Biological 
heredity is handed down only from parents to children, culture can 
be trvnsmiUed to anvbody Acquisition and transmission of culture 
hue conferred upon man as a species an unprecedented degree of 
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mammah con'ililutcd progress So tliil the Je^clopmtnt of sense or 
cmis in mim-ils which permit tlic orgimsm to reccisc more varied 
nml more cvacl informition about the stale of llie environment, and 
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made culture and freedom of choice possible But from then on, 
human evolution has become m part a new and unprecedented kind 
of evolution-evoluhon of culture and of freedom This certainly 
does not mean that the biological evolution of man has come to a 
halt, as some writers like to suppose The two kinds of evolution, 
biological and cultural, are combined m a new and unique process 
which IS human ev olution 

Human behavior is conditioned by education in a wide sense of this 
word, which is the sum of a persons experiences The conditioning 
occurs from infancy on— commg from parents, playmates, neighbors, 
teachers, companions, friends, enemies, and also from books, news 
papers, and all other means of communication Of course the out- 
come of the conditioning depends upon the person conditioned Edu- 
cation IS useless without a brain to absorb it, and an educable brain 
presupposes a human genetic endowment The biological uniqueness 
of the human genotype lies in the fact that it permits a greater degree 
of educability than the genes of any other biological species 
Equality of hfen The problem of the equality of men is a topic 
of discussion which often generates more heat than light Evolution- 
ary biology should help at least to state the problem correctly Equal- 
ity and inequality of men are religious, ethic il, and legal, not biological 
concepts Men may be equal before God and before the law’ without 
being biologically alike Indeed men are not biologically alike, no 
two men, identical twins excepted, have the same genotype To some 
people this fact is emotionally repugnant, a repugnance which can be 
due only to misunderstanding of the meaning of heredity Heredity 
of mental, emotional, and personality development is mostly condi- 
tioning not destiny Excepting genetically controlled mental diseases 
normal human genotypes permit a great latitude of intellectual and 
emotional developments 

Whether the genetic endowment makes some people superior and 
others inferior is another story This question has no meaning unless 
the basis of the value judgment is made explicit Superior or inferior 
for what? Most people will agree that a congenital idiot who is 
incapable of performing ordinary work and unable to take care of 
himself is not a useful member of any society But is a football player 
superior or inferior to a chess player^ How could we compare the 
values of a scientist and an artist^ Of a thinker and a man of action^ 
Of a farmer and an industrial worker? Clearly, mankind needs all 
of these and many other kinds of people And, fortunately, most 
human individuals can be trained to perform competently many of 
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fitness in the sense ot Thoda/s definition (see above) Unless, man 
kind rfjooses to destfoy Hstlf b) atofntc cvplosions ot simdar means 
it b more JjkcJy to endure th-in an> other ereatnre \tans bio?ogtca! 
pinniclo IS a solitary emirjtnce, no other species can aspire to dis 
piitc It 

Uiolog) gives no wartinl for the belief that mm was preformed in 
the pnmordnl lift, or tint the evolution of lift as a whole had as its 
purpose the production of mm Evolution docs not stave to accom- 
plish any particular purpose or to reach any specific goil except the 
preservation of lift itself Evolution did not happen according to a 
iirctleiermmed phii Neverthtfess, wlicn man contemplates the wltole 
perspective of the evolution of the Cosmos, he can see tliiC the ongm 
of mankind w is one of the outstanding events m l)ic history of cre^tJOn 
b> evolution This event is represented s>jnbot«iall> in Michelangelos 
beautiful fresco reprodncctl as l)ic frontispiece of this book 

Considered bmlogicnlh , mm arose because of the action of the vci^ 
same forces vvhieh bring nbout the evolution of all other organisms 
Nnlural selection responded to the clialltngt of cnvnronmcntal oppor- 
Umit>, and compomvdod an adaptively lnghl> successful genotype 
from genetic elements contributed ultimately by mut itjou In n sense 
the ongni of mm was a lucky accident E^oJutlon is not repeatable 
btciuse slight difFtrences cillvcr m the environment or in the genctie 
materials miglil have resulted in something different from man But 
in another sense m.m was not accidental Natural selection is m 
Tishcrs words, '‘a mechanism for generating tin exceedingly high de- 
gree of improbability In other words, selection creates gene com- 
binations which would be almost infinitely unhkefy wathout it Laplace 
was right, btit only in part Perhaps a ''vast mtelhgence” could dis 
cern in primordial matter the distant coming of man, but this mtel- 
hgence bad to be divine, not human 

Genetically Determmcd Educabihtv It has been pointed out an 
Chapter IS that man, bko other biological species, became genetically 
differentiated into races This differentntion occurred in response to 
die differences m the physical environments of the different countries 
which man inhabits But as time went on, man's physical environ- 
ments became more uniform or more easAy controllable The reverse 
was tnn. of cultural euMronments Here the diversity is steadily 
increasing Man is inseparable from liis ailture and culhiral environ 
ments can be dealt with only by learning to choose among many 
possible courses of action the one appropriate under the circumstances 
Biological evolution has produced the genetic endowment which has 
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arable life m society, wrong actions are socially disruptive Naturil 
selection has encouraged the spread in human populations of those 
moral qualities which were useful for the preservation of the life of 
individual members of society, and hence for the maintenance of 
society as a whole Thomas H Huxley (3825-1895) entertained, for 
a time, ideas like Spencers, however, m his celebrated lecture given 
in 1893 he pointed out quite clearly the weaknesses of these idias 
According to him, ‘Cosmic evolution may teach us how the good ind 
the evil tendencies of man ma\ have come about, but in itself, it is 
incompetent to furnish any belter reason why what we call good is 
preferable to what we call evil than we had before And further 
The practice of that which is ethically best— w hat w e call goodness or 
virtue— mv olv es a course of conduct which m all respects, is opposed 
to th it which leads to success m the cosmic struggle for existence ” 
luhan Huxley, i grandson of T H Huxle> is the most active modern 
exponent of evolutionary ethics Although philosophers and theo 
logians usuall) believe that the validity of an ethical code must rest 
on divine sanction, J Huxley proposes “a morality of evolutionary 
direction ” Although not a believer in orthogenesis, J Huxley thmks 
that he can discern a direction m biological and in human evolution, 
and that this direction consists basicall) of three factors— increase in 
control over the environment, increase m independence of tlie environ- 
ment, and the capacity to continue further evolution m the same 
progressive direction” If so, then anything which permits or pro- 
motes open development is right, anything which restricts or frustrates 
development is wrong 

This IS certainly an interesting idea, but it may be questioned 
whether it meets adequately the above quoted objection of 1 H 
Huxley against evolutionary ethics Suppose that the evolutionary 
direction which our lift has followed until now can be known beyond 
reasonable doubt Would this necessarily mean that this direction js 
good and that we ought to help its continuance^ Evolution has pro- 
duced a mind capable of knowing that it has evolved and that it can 
e\olve farther Cant this mind also scrutinize the wisdom of the 
process which gave birth to it^ But such a scrutiny can be based onlv 
on cnltna of wisdom derived from sources other than the evolution- 
ary process itself Man Vnowx not only that he has evolved and 
continues to evolve, hut that he is also in the process of learning how 
h( may promote his own evolution in the direction of his choice But 
what should be the basis of the choice? As G G Simpson rightly 
wrote “It IS futile to search for an absolute ethical criterion retro- 
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tlic fimcUons tint are needed In human socictj, although some jndi 
vuluals may be more successful in some functions than m others 

Here one must beware of a specious argument which is the more 
misleading because it is so plausible Tlic argument runs about as 
follows Since we know that races and breeds of wild and domestic 
animals often differ tn genetically conditioned behaaior, how can it 
be that human races arc an exception^ Tlic answer is simple Tlie 
race liorse and the draft horse, or the fox Icmcr, the dachsliund, and 
Great Dane, differ in their temperaments and these differences are, 
to a large extent, genetic But these differences are there because the> 
Imc been built into these breeds by the artificial selection which 
fashioned them to serxo different needs or wliims of their owners 
Certainly a race horse wath a temperament of a draft horse would be 
a failure, just as a draft horse with a Icmperament of a race horse 
would be Now human races, no less linn human individuals, suffer 
frequent and often drastic changes of fortune The adaptive advan- 
tage of educabiht> is the one constant m human evolution since the 
beginning of its cultural, or truly human, phase Genetic differences 
between races arc then secondar>» to those differences rooted m 
cultural heredity 

Cxoluttonary Ethics Utologtcal evolution has contrived human 
gcnot>pcs which make man m the words of Tliomas Jefferson, “formed 
for society, and endowed bj nature with those dispositions which fit 
him for socicl> “ Among tlicse “dispositions," surely one of the most 
important is the ability to distinguish between nght and wrong It is 
mans moral sense which makes him truly human WTiere does this 
moral sense come from? All religions claim eitlier that ethics are 
based on supernatural revelation or that the ability to discriminate 
between good and evil has been implanted in the human soul by 
God On the other hand according to Chauncey Leake “The proba- 
bility of survival of a relationship between individual humans or 
groups of humans increases with the extent to which that relationship 
IS mutually sabsfying May, then, mans ethical sense be a product 
of biological evolution by natural selection? Or, perhaps the re- 
ligious and the evolutionary^ explanations are the two sides of the same 
com? 

Flushed by the tremendous successes of natural science in their 
time some nineteenth century scientists felt that no problem could be 
insoluble in mechanistic terms In his Principles of Etlucs (1892), 
Herbert Spencer ( 1820-1903) attempted to show that ethics ore part 
and parcel of biological evolution Good conduct makes for pleas- 
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This IS perhips the most thoughtful book e\er wntlen by a believer in evolu- 
tion b> autogenesis 

Nouv Lecomte du 1947 Human Dcstmy Longmans Green London (Also 
avaihble in a paper bound edition of The New American Librar> ) 

This IS a popuhr presentation of the linahst point of view The book contains 
numerous and important factual errors m its present ition of biological and geo- 
logical information A point of view related to finalism is presented also m the 
following article 

Osborn H F 1934 Arirtogenesis the creaticc principle in the origin of species 
American Naturahsi, Volume 68 i>ages 193-i35 

For a crilifiuc of the lutogenetic and finalist theories of evolution see particu- 
larly G G Simpsons books quoted among die suggested readings m Chapter 12 
Concerning the evolution of min and of mans unique abilities see thi suggested 
readings m Chapter 13 

The problem of the socilletl scientific ethics is discussed particularlj in the 
following hooks 

Hu\lc> T H and Iliuley J 1947 Touchstone for Eihirs Harper, New \ork 
and London 

Huxley J 1941 Afan Stands A/oru Harper New ^ork 
Huxley J 1953 Etolofion in Action Ilirper New \ork 
Leake Chvuncev D and Romanel! P 1950 Con We Agreed University of 
Texas Press Austin 

Waddington C H 1942 Science and El/iics Allen A Unwm London 
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actively m wint occiirrcct before ctbJcs tlicmscKcs evolved Hjc best 
Inirmn tlhicnl <!tandard must be relative and particular to man and 
is to bo souglit rather m the new evolution, peculiar to man tiian m 
the old, umv crsal to n(I organisms * Ev olutionar) ethics have not been 
formulated )ct, and one inay reasonibly doubt that they can be made 
scientifically convincing or ncstbetically satisfying 
Epilogue The evolution of the Cosmos has not bten everlastingly 
uniform Some important "dates'* can be discerned which mark pe* 
nods of titame stress and crisis, leading to events of transcendental 
significance The first date is, of course, the beginning of the universe 
itself According to the estimates whicli physicists and geologists are 
able to make, this btgmnmg occnrretJ some 5 bdhon years ago Some 
2 billion years ago life oppearctl there, and biological evolution was 
inaugurated As far ns anybody knows for sure this happened, m the 
whole wide tuviverso, only on a tmy speck of dust which is our earth 
Ihologicnl evolution created some millions of species of organisms, 
which explored various possibilities of living Most of these species 
eventually became stranded in the blind alleys of opportunistic con* 
fonnit) to die favorable situations in the environment which proved 
only fleeting and temporary but some organisms made evolutionary 
"inventions which pcrmiUetl them to spread, multiply and, some of 
them, to become dominant Half a mdhon to a milhon years ago one 
species made an vvolutionary “discovery" of unparalleled significance, 
it became e-ipable of cxtra-biolo^c d transmission of acquired and 
learned experience Tins species liccamo human and opened up a 
new, cultural or human, evolution About two thousand years ago 
this species had advanced far enough to be able to receive the Sermon 
on the Mount The development of science at first slow and hesitant, 
but during the last two centuries rapidly accelerating, is enabling man 
gradually to acquire a better understanding of himself and of his 
environment on earth and m the Cosmos Julian Huxlev thinks that 
man finds himself in the unexpected position of business manager for 
the cosmic process of evolution" This judgment may be a premature 
one, but man does struggle against die bounds of his nature, and this 
struggle makes his existence worth while and contains a hope of a 
noble future 


Suggestions for Further Reading 

Berg L S 1928 Nomogeneais or EtiOlutKm Dttcmuncd bif Law Constable 
tiOndon 
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